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YOREWORD

{U) This report presents the work accomplished during the second
report perind of the Aerospike Advanced Development Program under
Air Force Contract AF04(611)-11399, The report covers the period

1 June 1966 through 31 August 1966, A portion of the design and tooling
effort in Task II represents a joint effort with the Advanced Ergineer-
ing Programn, Systems and Dynamics Investigation (aerospike) Contract
NAS 8-19. This report has been assigned Rocketdyne report No.
R-6537-2.

(U) Publication of this report does not constitute Air Force approval
of the r=ports' findings or conclusions. It is published only for the
exchange and stimulation of new ideas.

Vernon L, Mahugh
1/Lt, USAF
Project Engineer

ABSTRACT

(U) Program status and technical results obtained at the end of the
report period are described for the Advanccd Development Program,
Aerospike. This prog>~m includes analysis and preliminary design of
an advanced rocket engine using an aerospike nozzle, It further in-
cludes analysis, test hardware design, and test evaluation of thrust
chamber performance and thrust chamber durability.
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CF( 1-D) = one-dimensional thrust coefficient
CF(Z -D) = two-dimensional thrust coefficient

E = Young's modulus

K = distance
M = Mach number
q = heat rate

Q/A = heat flux

R

T

-

= boundary layer velocity

1t

NOMENCLATURE

area
chamber cross-sectional area

nozzle throat area

thrust

enthalpy

pump head-flow

specific heat ratio, thermal conductivity

radius

temperature

free strearn velocity
turbine wheel velocity to spouting velocity ratio
flowrate

bearing bore (miilimeters) X rpm
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NOMENCLATURE (Continuad)

GREEK LETTERS
§ = boundary layer thickness
¢« = strain

‘ 6 = boundary layer niomentum thickness

B = viscosity
v = Poisson's ratio

stress

q
n

SUBSCRIPTS
B

n

bulk

chamber, .u.ivature

e = nozzle exit, elastic
P = prastic
R = reference
TH = thermal
t = nozzle throat

oc = free stream
aw = adiabatic wall
ST = Stanton Number

s = Prandtl Number

SUPE&RSCRIPTS

- = average value
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1. INTKODUCTION

(C) The Advanced Development Program (ADP) Aerospike Nozzle Con-
cept started 1 March 1966 with a 17-month duration, The objectives
are to evaluate critical technology associated with the Aerocpike
concept and produce the preliminary design of an advanced hydrogcn-
oxygen engine of the following characteristics:

1. 250,000-pound thrust (nominal rated) with throttling to 20 per-
cent of rated thrust

2. 6:1 mixture ratio (nomipal) with a range of 5 to 7:1

3. 96 percent (minimum) of theoretical shifting specific impulse
at raied thrust; 95 percent (minimum) during throttling

4. 100-inch maximum overall diameter

5. 10-hours life between overhauls with 100 reuses

6. Restartable at altitude

The total effort is comprised of two major tasks:

Task 1,

A,

BI

Task 2,

A,
B.
C.
D.

Analysis and Design

Moaule Design

Application Study

Fabrication and Test

Injector Performance Investigations
Tnrust Chamber Nozzle Investigations
Thrust Chamber Cooling Investigations

Segment Structural Evaluation

(U) Task 2 and Task 3 of the first quarterly report, Thrust Chs mber
Performance Evaluation and Thrust Chamber Durability Evaluation,
respectively, are now combined into Task 2, Fabrication and Test.

CONFIuENTIAL




(U) This second quarterly report presents the program status, tech-
nical progress, and problem areas and solutions as of the end of the

second quarter of the ADP Aerospike, and a brief summary of planned
=ffort for the third quarter.




y

o T S T tenn

B o] P

RPN i e e

o L
. ' . N
' '
5
T L T Mﬂlﬁl

CONFIDENTIAL

II. SUMMARY

(U) In Task I, work progressed on both demonstrator module design
and fligi.. module studies. The demonstrator engine balance was modi-
fied for defined operating limits and for component study results. The
engine layouts were refined with definition of turbine dri-e hot-gas
ducts, propellant feed arrangement, igniter configuration, and turbo-
pump mounts. Thrust structure canti4ate designs were raduced to
four. Study of control points was brought to selection of two hot-gas
values for thrust and mixture control; howevei, studies of open- vs
closed-loop control modes continue with either being satisfactory for
the demonstrator module. A study of gas generator turbine dzive
against tap-off was initiated for completion in the next period. A trade
study of hydrogen pumps was completed with s~lection of a two-stage
centrifugal pump. The LOX pump design and turbine design features
for both punmps were established. A thruet chamber structure trade
study was completed with c:lection of a titanium structure and defini-
tion of the tie-bolts arrangement and cooling circuit. Gimbal design
requirements were defined and the study nearly completed. Flight
module preliminary parametric data was completed along with the pre-
liminary layout of variations in the flight configuration,

(U) The Applications Study was initiated with requirements established -
and the parametric data completed. Studies of vehicle shroud and
thrust structure variations are in progress.

(C) In the Injector Performance Investigation subtask of Task 2, all
hardware scheduled for the period was delivered and all (ests scheduled
were conducted. The three candidate injectors were evaluated for
performance, stability, durability, and chamber compatibility over the
throttling range. The triplet pattern was selected for 250K injector
No. 1 and is a strong contender for the high-performance 250K injector
No. 2. This evaluation will be completed early in September. Results
show the triplet, as developed in the 2,5K segment, to be stable over
the operating range, to better the performance requirements, to be
durable, and to produce acceptable throat heat flux. Tapoff data was
taken and these tests are continuing. '"Bomb' disturbed stability rating
tests were conducted and will be completed in September,

(C) Progress was made ir fabrication of the 250K experimental thrust
chambers under the chamber-nozzle suttask of Task 2. All working
drawings were released. The solid-wall chamber 1s undergoing copper
throat deposit prior to final machining, Complete tubes were fabricated
to check the procce.s, and tube-wall bodies were partially machined.

The injector body has completed manifol¢ welding and is undergoing
final machining prior to brazing. Injector strip drilling and baffle

COMFIDENTIAL
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electroforming was initiated. Manifolds, igniter, thrust mount, and

test equipment are partially fabricated. A stability computer model
was constructed and test instrumentation defined, The test facility
was activated with 40K aerospike thrust chamber,

(U) In the thrust chamber cooling investigations of Task 2, the iabora-
tory and analytical material studies were completed, Tube tester
simulation tests were conducted on stainless steel and nickel, and will
continue in September. From all results, stainless steel was elimi-
nated as a material for the demonstrator module tubes. Nickel 200 was
selected for the 20K segment and, pending tube-wall segment hot-firing
test results, for the demonstrator chamber. Life predictions from the
combination of the analytical model and laboratory materials results
corroborated tube tester results and actual chamber life experience on
similar cooling tubes. The 2.5K tube-wall segment with nickel tubes
was fabricated to the point of assembly preparatory to brazing, The
copper tubes for the other 2.5K segment were formed and the body
parts were nearing completion. Instrumentation for hot-gas side-wall
temperatures and other variables was develcped,

(U) In the segment structural evaluation subtask of Task 2, detailed
design of the segment was initiated during this quarter. The titanium
structural concept s~lected for the demonstrator chamber was incor-
porated into this segyment along with the tie bolt and cooling circuit of
the demonstrator chamber. Layouts and design specifications were
completed ard preliminary design review held, Tube material and
structure material was ordered. Tube inaterial was selected as nickel
200 from the cooling investigations suhtask, ’

(C) The c¢:.2rall program is es~antially on schedule with several sub-
tasks aheaid of the program plan a2nd one behind, namely the 250K
chamber nozzle investigations. Here, certain hardware fabrication is
behind schedule; however, it will not affect the initiation of fuil-scale
tube-wall tests on schedule., The No. 2 250K injector will be released
in the first week of September instead of August as scheduled.

(U) Issuance of Demonstrator Module Design requirement specifica-

tions was delayed 2 weeks for refinement to include study results.
Other program plan milestones were met in the second quarter,

CONFIDENTIAL
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SECTION III
PROGRAM STATUS

A. TASK I, DESIGN AND ANALYSIS

1. MODULE DESIGN
a, Status
(1} System Analysis

(U) The steady-state analysis of the tapoff engine cycle was ueepened
during this report perioc to include a preliminary cycle balance re-
flecting the latest program ground rules. An analysis of the effect of
the change in the requirement for constant thrust ve mixiare ratio was
undertaken, and a decision as to the recommended design direction will
be made early in the iiext quarter, A preliminary atudy of the maxi-
mum operating limits of the various engine components was completed
and is being used in establishing component design requirements.

(U) An investigation of possible thrust and mixture ratio control
r..ethods was conducted during this report period to determine the
optimum control points consistent with operational requirements, It
was concluded that the system utilizing two hot-gas valves to control
turbi. & speed was preferable for the tapoff system.

(U) An open-loop vs closed-loop controls study was initiated, and con-
cluding recommendations will be forthcoming early in the next report
pericd. Preliminary results are that the engine will operate satisfac-
torily with both closed-loop and open-loop systems and that either ¢~
be designed to control th~ «ngine.

(U) A comparative analysis of a gas generator and tapoff cycle was
brought near completion during this report period. Results to date
indicate that as tapoff gas properties approach gas generator orooer-
ties, the performance difference between the two cycles approaches
zero. The tapoff cycle has fewer components, comparable weight, and
somewhat better control characteristics at a higher estimated cost of
development, This study will be concluded during the next report
period.

(U) Start model updating and refining to include simulation of heat
transfer and compressible, two-phase, hydrogen flow through the thrust
chamber cooling tubes is currently being accomplished as is conversion
of the digital engine model to the IBM 360 computer, Preliminary

o h,,.w.m.;.;mmmm%w R
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transient performance data have been obtained and some preliminary
valve sequencing established.

(2) Preliminary Design

(U) A preliminary cut through the m2chanical design and module gen-
eral arrangement has heen accomplished. In-depth design studies

have been initiated and design sheets released on the major subsystems
and ccmponents, Preliminary weights, envelopes, and interfaces have
been established for the major components. A trade study on the thrust
structure selection has narrowed candidates tu four, and final selection
will be made early in the next report period.

(C) Preliminary layouts of the 250K and 350K flight module have been
completed. Parametric engine weight and performance data have becen
generated for the flight module. The thrust range covered was 150K
to 350K, chamber pressure was varied from 750 to 2000 psia, and en-
gine diameters investigated were 80, 100, and 120 inches. The nozzie
length was 25 percent and mixture ratio was varied from 5 to 7.

(U) Performance specifications have been established for both the fuel
and oxidizer turbopumps; preliminary turbine and pump operating
envelopes were also established; an evaluation of the type of fnel pump
configuration was completed. A two-stage centrifugal pump configura-
tion has been selected, and preliminary layouts of both the fuel and
oxidizer turbopumps initiated.

(U) Deiirition of the thrust chamber wall structure, inclucii.,g coclant
circuit, attachment method, material selection, and fabrication tech-
nique has been finalized and the tube material tentatively selected.
Nozzle contour-and shroud geometry have been established and the
theoretical calculation technique verified through a cold flow nozzle
test series conducted under a separate prograrn,

b. Progress During Report Period
(1) System Analysis
(a) Engine Balance

(U) The engine balance calcuiations for the tapoff cycle fugine system,
'shown schematicallv in figure 1, were made using a nonlinear digital
computer program. The program Lalances the engine at the nominal
"design point and then permits one or invre of the design variables to be
changed to determine off-design perfu.inance. Iterations between the
steady-state cycle balance and component designs have been continually
carried out. The current design point parameters are summarizcd in
Table 1,
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(C) Tablel. Preliminary Design Paramsters

CONFIGURATION
Thrust, pounds 250,000
Specific impulse, second (vacuum) 450.8
Specific impulse efficiency, percent 97.0
Engine mixture ratio ‘ 6.0
Envelope:
Diam. 2r, inch 100
Length, inch 47
Area Ratio : ‘ 76.9
Oxidizer flow, 1b/sec 475.3
Fuel flow, lb/sec 79.2
Total propellant flow, 1b/sec 554.5
Oxidizer inlet pressure, pria 40
Fuel inlet pressure, psia 35
Oxidizer inlet temperature, R 175.6
Fuel inlet temperature, R 41.3
THRUST CHAMBER .
Thrust, pounds 242,600 4
‘ Mixture ratio 6.45
L[. Throat area, sq in, 81,71 ) ]
Chamber pressure, psia 1500
Injector end pressure, psia 1531
Dxidizer flow, lb/sec 472.3
Fuel flow, lb/sec 73.2
Combustion efficiency, percent 96.5
] Fuel injector pressure drop, psia 390 ;
Oxidicer injector pressure drop, psia 390 A
BAST, AREA

Thrust, pounds

Base pressure, psia

Secondary flowrate, "w/sec
FUEL TUREOPUMP

Pump

Number of stages
Speed, RPM

- s g
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(C) Tz=tiel, Preliminary Design Parameters
(Continued)

=
Y

FUEL TURBOPUMP (Continued)
Pump (Continued)

Discharge pressure, psia 2634
Efficiency, percent 75
Flowrate, lb/sec 79.2
Turbine

Number of stages I
Pressure ratio 30
Inlet temperature, R 1960
Inlet pressure, psia 1225
Flowrate, lb/sec 5.45
Efficiency, percent 60

OXYGEN TURBOPUMP

Pump
Number of stages 1
Speed, RPM 20,000
Discharge pregsure, psia 2055
Efficiency, percent ' 80
Flowrate, 1b/sec 475.3
Turkine
Number of stages 1
ressure ratio 15
Inlet temperature, R 1960
Inlet pressure, psia 600
Efficiency, percent 50
Flowrate, lb/sec 2.59
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(C) A change mmemnmmrwmmm
during the second quarter. Previously, the requirement had called for
constant thrust over 2 mixture range from 5 to 7:1. This reqmived
elevated pump speeds ut the mixture ratio axtremss, as shows in fig-
ure 2. At 5:1, the fuel pump speed required incressed 8§ percent over
the nominal design point speed at mixture ratio of 6:1, while at 7:1 the
oxidizer pump speed required increased 1.2 percent. Using & criterion
whica limits the pump speads to the nominal design point {mixture

ratio o:1) lpoed. results iz a thrust loss at both ends of the mixture
ratio excursion as depici~d in figure 3. This loss is emly 1.6 percent
at a mixture rativ of 7:1; however, it reaches appr==imately 10.4 per-
cent at a mixture ratio of 5:1. .

(C} Preliminary ana.lysu irdicates that the engine weight savings using
the pump speed limit criteria is approximately 30 pounds with no
change in specific mpulge 1t vacuum conditione, while the thrust loss
at a mixture ratio of 5:1 is significant. A decision on the design course
to be taken will be made eaily in the next quarter. The engine balance
shown reflects use of the punp speed limit criteria.

(b) Operating Limits

(U} Design of a rocket engim: for a specific operating poiut and off-
design capability results in nominal design values for all sngine com-
ponents, However, manufactiring tolerances result in component
performance slightly differeni from the nominal design values. The
cumulative effect of these tolc:rances must be statistically calculated
to determine the maximum probable values at which each component
must be capable of operating, These values are summarized in
Table 2,

(U, Tolerances which were considered in determining maximum oper-
ating conditions included line and vaive resistances, combustion and
nozzle efficiencies, and turbomachinery performance. Component
tolerances for the ADP demonstrator module were estimated based on
current Rocketdyne production enginas. An exception to this was the
thrust chamber tolerancz, Current production engines are bell-type
thrust chambers, whereas the ADP engine is an annular-type thrust
chamber. Tkerefore, it was necessary to analytically predict the
throat gap tolerance, This toleran:e was estimated to be larger for
the annular chamber than for a beil chamber because of the narrow
throat gap of the annular chamber.
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(C) Table 2. Operating Limits

2-¢

Nominal
Mixture Random | Maximum
Ratio Variation

Engine thrust. pound 250,000 17,564 267,364
Engine mixture ratio 6,0000 0.3503 --
Thrust chamber injector end '

Pressure, psia 1531.3 166,7 1698.0
Thrust chamber fuel flow,
1b/sec 73.39 5.59 78.98
Thrust chamber oxidizer

flow, lb/sec 473.05 44,75 517.80
Tapoff fuel flow, lb/sec 5.95 0.65 6.60
Tapoff oxidizer flow, lb/sec 2.97 0.33 3.30
Fuel turbine inlet

temperature, R 1960 * 1960
Fuel turbine outlet

temperature, R 1254 29 1293
Fuel turbine inlet pressure,

psia 1226.8 140.9 1367.7
Fuel turbine outlet pressure, -

psia ‘ 39.9 4,1 44.0
Fuel turbine speed, rpm 35986 1925 39,911
Fuel turbine torque, ft-ib 2292,5 232.0 2524.5
Fue] turbine flow, lb/sec 6.37 0.687 7.06
Oxidizer turbine inlet

temperature, R 1960 * 1960
Oxidizer turbine outlet

temperature, R 1449 33 1481
Oxidizer turbine inlet

pressure, psia 599.6 70.2 669.8
Oxidizer turbine outlet

pressure, psia 39.9 4,1 44.0

® The standard deviation ol the tapoff gas temperature from the nomi-
nal value of 1960 R was nct estimated because of the limited amount
of test data on tapoff for this engine configuration,
this value will require sufficient testing to allow a statistical analysis.
in place of the 2-¢ turbine inlet temperature variation, an arbitrary

Ar ~stimate of

variation of 100 F was selected to assess the criticality of this

parameter, This variation was estimated to result in a 1.0 percent

change in thrust, a 0.7 percent change in pump speed, » 1.0 percent

change in propellant flowrate, and a 1,0 percent change in pump dis-
charge pressure. The control system would then sebalance the
at the nominal thrust and chzmbaer pressure with a change in specific

impulse of approximately 0.2 seconds.
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Oxidizer turbine rpeed, rpm
Cxidizer turbine torque, ft-1b
Oxidiser turhine flow, 1b/sec ‘ .
Fuel pump discharge pressure, I o
psia 2634.5 252.9 2087.4

Fue! thrust chamber inlet 3
§ pressure, psia 2425.4 - 216.8 3641.9
Fuel injection pressure, psia 1921.4 1988 | 21l6.4
i Oxidizer pump discharge ' .
pressure, psia o 2055.7 226.3 2282.0
M Oxidizer injection pressure,
vy psia 1921.5 210.7 2132,2
i § Fuel pump head, feet 81,669 7447
¥ Fuel pump velume flow, gpm 8449 653
v Fuel pump horsepower, bhp 15,7608 | 2380
i Oxidiser pump head, feet 4222 474
Oxidizer pump volume flow,
. gpm ' 3107 ’ 217 3324
g - Oxidizer pump horsepower, : -
£ bhp 4567 761 5328
A Base pressure, psia 4.03 0,87 4,90
. Base temperature, R 1310 34 1344
Base thrust, pound 7743 1679 9422

| (U) Each tolerance was examined independently to determine its effect
i on the engine parameters shown in Table 2. The cumulative effect of
all tolerances on each parameter was determined from

xmuimum = xnominal + Vf a xi

where the maximum expected value of the engine parameter, X, is
datermined from the nomina. value and the deviations from the nominal
bacause of the various component tolerances,




{c) Control Points
(C) An investigation of possible thrast and mixture ratio contxol #

ods was conducted during this report period to detsymine the opiimion » S
control points consistent with the flight and demonstrator module opdt- -
ational -equirements. Schemes which involved le controllexs

for one function (i. e. , rough mixture ratio control s with a hot~

gas valve and trimming with liquid valves) were cﬂm&aiud from

consideration because of the adverse effect upon system reliability,

The control systems which merited consideration are listed below.

The numbers in parenthesis correspond to the control points shown in

figure 4.

1. Two hot-gas valves (1,2) or (2,7) | . o 5

2. Main fuel valve and main oxidizer valve (3,4)

P

z 3. Two cavicating venturis (8,9)

4. One hot-gas valve and main oxidizer valve (7,4)

At e g € G S B

5. One hot-gas valve and fuel pump bypass (7,5)
6. One hot-gas valve and oxidizer pump bvpass (7.6)

300 TR

7. Main oxidizer valve and fuel pump bypass (4,5)

L 1ee

8. Main fuel valve and oxidizer pump bypass (3,6)

(U) The candidate systems were corpared on the basis of performance
cffects, weight, engine dyna~ics, compatibility with other control func-
tions, and design and development problems and costs. Table 3 sum-
marizes the performance effects for all eight systems showing the
values for pump discharge pressures, flowrates, pump gpeeds, thrust,
and specific impulse. Undesiratle levels for each parameter are
asterisked. System number 3, consisting of two cavitating venturis,
requires 2 7000-psia fuel pump discharge pressure and a 3700-psia
oxidizer pump discharge pressure. These are necessary to provide
the extremsly high pressure drops tc maintain cavitation at the nomi-

! nal condition,
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TARLE 3

STEADY-STARE TRADRGY
Significant Parameters !
Oxidizer Fuel
Pump Oxidiger| Pump
Discharge | Oxidizer Pump Discharge ¥usl ‘

System Pressure, | Flowrate, | Speed, | Pressure, | Flowrate, | Pump
No. Operating Condition psi 1b/sec rpm pai lu/see | »
1 Low mixture ratio 1800 405 23,065 2560 81 36,
Nominal 2056 476 25,016 2634 79.3 35,

High mixture ratio 2030 486 25,000 2420 69." 33,

2 Low mixture ratio 2391 456 26,342 2891* 91.3% 38,
Nominal 2242 477 25,914 3284 79.6 38,

High mixture ratio 2118 505 25,646 3071 72.5 36,

3 Nominal 3700% 7000+

b Low mixture ratio 2706* 427 25,500 2566 82.8 36,
Nominal | ou25 476 26,714 2635 7¢.% 36,0

High mixture ratio 2064 482 23,650 2498 70.0 34,

5,7 Low mixture ratio 2163 4186.3 25,640 2916 98,1% 39,
Nominal 2054 476 25,013 2650 99, 5% 38,‘
5,8 | Nominal 2055 606.4% | 25,442 2634 79.4 15,9
High mixture ratio 2516 589, 3% 27,850 2918 83.7 .37,

#Undesirable value

§ éff%ﬁ%r%-" T
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TABLE 3

TEADY -STATE TRADEOFF

'icant Parameters _
Fuel Fuel Specific .
Flowrate, { Pump Speed, | Impulse, | Thrust, {Mixture
1b/sec rpm seconds | pounds | Ratio | . . Remarks
-+ .
81 36,000 453.5 224,000 5 Two hot-gas valves; 300 psi
79.3 35,986 450.2 | 250,000 | 6 | tapoff AP
69.4 33,600 441.2 | 246,000 | 7
91 7% 38,854 153 248,000 5 Two main valves; maximum differ-
- , ential pressure is 200 psi
79.6 38,873 49 =50,00. 6 oxidizer and 670 psi fuel
72.5 36,968 440.2 | 254,000 7
Two cavitating venturis
82.8 36,000 230,000 5.18 | Oue hot-gas valve and main
. . oxidizer valve; 400 psi differ-
9.k 36,000 449.9 250,000 6 ential pressure; oxidizer valve
70.9 34, 3hk4 248,600 6.84 | nom.inal
98, 1* 39, &40* 452.5 261,000 5.36 | Hot-gas valve and fuel pump
- o bypass; maia oxidizer valve and
99. 5% 38,071* | 449.3 | 250,000 | 6 fu] purm bypass
79.4 35,992 443,38 250,600 6 Hot-gas valve and oxidizer pump
A ’ ¢ vypase; main fuel valve and
L; 83.7 37,830% 1.7 292,090 1S9 1 xidizer pump bypass

—
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(U) This area slone was sufficient to eliminate the cavitating ventupis
from further consideration. Ths system using both msin propeilant
valves (number 2) aluo required higher discharge pressuras which
translates into increased weight and decreased performance. tma
5, 6, 7, and 8 (pump bypase systams) all require elevated pump f

ard opoed.. An associated weight increase and performance !ou
also occurs with the increased flowg, The hot-gas valve systenm - (num-
ber 1) has the best spacific impulse; howover, its advantage is small.
The improved performance of the tapoff hot-gas control system results
from the lower pump diocharge pressures und flows achieved by re-
moving the control poin‘ from the liquid system. This allows a reduc-
tion in the turbine hot-gas flowrate which is used as the secondary
flowrate in the base region of the aerospike nozzle. The nature of the
aerospike nozzle is such, that in the region of the nominal ADP opera-
tion, a2 reduction in secondary flowrate causes an increase in enrine
specific impulse.

(U) A dynamic analysis of the control system response iavors liquid
valve control over gaseous systems. However, the response require-
mentes for the thrust and mixture ratio control systems do not preclude
the use of the gaseous system. Another possible dynzmics advantage of
the liquid systems is the impedance it places between the feed system
and thrust chamber. This would perhaps be of impcrtance in throttling
lower than 5:1 but is not judged of importance at the 5:1 design
requirement.

(U) Two areas of possible interaction of system functions with the
throttling and mixture ratio control eystems are the start sequence and
the hot-gas igniter mixture ratio control. The hot-gas control valve
system may be useful for both of these other functicns, because the
hot-gas valves can be opened for additional turbine starting torque, can
be used to control pump discharge pressure, and can be used to control
mixture ratio., The maiun valve systems cannot be used for either of
the first two applications, because they control flow only to the thrust
chamber. A hot-gas valve and bypass system (number 5 or 6) could
conceivably also accornplish the added functiq\ns.

(U) Rocketdyne evpersience favors the design and development of liquid
control valves (particnlarly oxidizer) over the hot-gas valves, How-
ever, exporience in design and development of large servocontrolled
valves is not so far advanced in either case that there would he a sig-
nificant difference in schedule.

(U) The conclusion to be deduced from the study is that the system

utilizing two hot-gas valves is preferable because syst' ns using main
valves or cavitating venturis imply undesirable increases in systemn
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operating pressures, and systems using pump bypass imply undesirable
increases in system propsllant flowrates {on the order of 20 pcucnt
for full mixture utio excursion at aominal thrust). ,

(d) Closed-Loop vs Open-loop Control Systems

(U) During this report period, effort was directed toward the selaction
of closed-loop or open-loop control systems for th~ust and mixture
ratio control. The pertinent material required during this period is
presented under topics which are important considerations in forming

a basis of selection. Tae work to date has consisted of spscific evalu-
ation of open-loop mixture ratio control vs closed-loop mixture ratio
control because this control system is most critical with regard to cost,
vorsatility, safety, and reliability, Many of the same arguments apply
also to open-loop vs closed-lcop thrust control; however, for the pur-
poses of discussion here the thrust control system is closed-loop.

(U) In order to evaluate system cost, it is necessary to formulate the
system in terms of components. For the purposes of this discussion,
a closed-loop system on mixture ratio is shown in figure 5, arnd an
open-loop system on mixture ratio is shown in figure 6, All of the
systems use a single hot-gas valve in the tapoff line for thrust control,
and another hot-gas valve in the line to the oxidizer turbine for mixture
ratio -ontrol. The clos::'-loop system uses two sensors for control by
volum~tric flow measu. a1t (turbine-.;ne flowmeter) or three sexsors
(one of which is the chat - .-~ r‘essure measurement also used in the
thrust controller) for con. ! by pressure measurement, The flow- -
meter system uses filters i:nd a multiplier circuit to generate an error
gignal to drive the oxidizer turbine valve, while the pressure trans-
ducer system uses a function generator to compute the error signal to
drive the valve, Both systems require servovalve compensation and
incorporate valve position feedback circuitry to increase safety and
reliatility, The open-locop mixture ratio control system (figure 6) uses
the same valves as the closed-loop counterpart, with a similar minor
loop closed around valve position. However, some modification of the
system with resp=ct to thrust level is necessary, either with respect to
operating chamber pressure or with respect to tapoff valve area (if
both systems are open-loop).  The need for modification of the control
loop {shown by analog multiplier and function generator) is justified in
figure 7. This figure shows two thrust vs mixture ratio control
~nvelopes for an open-loop control system based upon constant oxidizer
turbinc valve area throttling. The two envelopes result from two
turbomachinery designs which have roughly a 10 percent change in the
pump H-Q curves and the turbine efficiency- u/c curves. The figure
reveals the controls sensitivity to the turbomachinery chasacteristics,
because a 3 unit change in mixture ratio at low thrust occurs between
the two designs., Aithough the expected variation in pump curves from
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cughu-to-c iaausmasxaenhumomsﬂm poutel:
variation in turbine efficlency is a factor of 5 lsss. than
mvorﬂulu. producc an intolerable variation in mixtuse vitio duyi
throttling unless some correction with thrust level is intvaduced, This -
can be introduced in u number of ways, such 28 mechanical mg”
tween valves, but electrical modification is depicted in the schematic
since either tapoff valve area or chambar prespure will be avl‘llubu.

Cost

(U) The open-loop and the closed-loop mixture ratio system are judged
to be identical in cost except for the addition of two turbine flowmeters
~ and some increase in systemr compensation logic in the closed-loop
system if all costs including additional tzsting for calibration purposes
are considered. (This equates the cost of the closed-loop system fil-
ters and the mulliplier with the function generator and multiplier re-
quirad for valve area change with thrust level of the open-loop system, )
The flowmeters may be required as standard flight instrumentation in
any event, but for the purposes of this study, this is assumed not to he
the case. Valve position control is included in both systems because
of the increase in safetv and reliability of the closed-loop system and
because maintenance of constant area with input signal is essential for
satisfactory open-loop system operation,

(U) Testing costs for the open-loop system will be greater. This cost
could be minimized by development of a facility mixture ratio control
system so that engine calibration can be accomplished in one test,
With this assistance, extra engine testing would probably be increased
by two tests, one for deterrnination of the oxidizer turbine valve area
vs thrust level function generator setting (or caraj for that particular
engine, and one for checkout and verification. Some increase in cost
»f component testing would also occur for onen-loop operation, because
more component trimming will be required for insurance that correc-
tion of the oxidizer turbiue valve as a function of thrust level car be
obtained.

{U) In summation, closed-loop operation will require two flowmeters
and increared compensation complexity as opposed to open-loop opera-
tion requiring developmont of a facility mixture ratio control system,
two c«tra tests per engine, and some increase in componeut testing,

Versatility
(U) The closed-loop system is judged to be more versatile in that ex-
tensions in thrust or mixture ratio range are possible without engine

recalibration. The same argument is present for component replace-
ment, In addition, the closed-loop system has the greatest potential
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for avoidance of unﬁgairablo opcutina points, if they are id, ntifiad,
Less modiﬁcation is vequired. for addition of other control ps: ‘
such as pump speed. Also, if it is desired to run the closed-loop | Wts-
tem in an open-loop mode for test or demonstration purposses, it csa be

done with minimal effort as opposed to running the opon*lcop system in
" a closed-loop mode.

Safety

(C) The closed-loop system is generally judged to be safer than the
open-loop system as substantiated by the following arguments.
Mechanical stops can be located on both hot-gas valves so as to restrict
travel. Thrust can be restricted to values of 250K (with some aigma
variation) by suitable location of an cpening stop, and to values of 50K
by suitable location of : closing stop. However, thrust variations

' greater than nominal or less than 20 percent can be considerable before
failure is anticipated. The same ic not true for mixture ratio; varia-
tions on the high side can result in burncut, and variations on the low
side can result in flameout, either of which may be catastrophic. It is
not possible to locate fixed mechanical stops in the oxidizer turbine
valve for mixture ratio variation protection without seriously 1 educing
the operating region,

(C) If stops are located based on the nominal thrust region, then it is
possible to exceed allowable mixture ratio variation at the 20 percent
thrust level., If stops are located basad on the 20 percent thrust level,
then mixture ratio variation from 5 to 7 is not possible at nominal
thrust. These considerations apply to both closed-loop and open-loop
systems. The closed-loop system will give some indication that mix-
ture ratio is entering an undesirable region; the open-loop system will
only indicate that oxidizer turbine valve position is entering an unde-
sirable region., Dynamics may preclude considerable separation
between valve position and engine mixture ratio, In the proposed sys-
tems, failure of the vaive position transducer will result in failure of
the engine 1or the open-i00p system for most instances; in the closed-
loop the engine failure will be caused only if both the mixture ratio loop
and the valve position .ninor loop fail simvitaneously. Although a

. vehi le mixture ratio controller may serve to protect the engine in

‘ sor< cases, in cluster applications mixture ratio failure in one engine
may be masked by the other engines.

Reliability
(U) There is expected to be some penalty in reliability of the closed-
loop system over the open-loop system because of the increase in com-

ponents; however, this will be offset to a certain extent by the redur
ancy of mixture ratio and valve positic: discussed above. Accordin,
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to flight instrumaentation s Agu reliability data for tho J-2 engine
(which is similar to the ADP engine), the failure rates are 0,004 per
exposure for turbine flowmeoters and 0.0021 for exposure for pressure
transducers (abov’ 5C percent of these wers out-of -calibration only)

for the pariod of une 1964 through April 1966. These rates are suitable
for this application.

Static Accuracy

{U) The static accuracy of the closed-loop system is expected to be on
the order of 7 percent in mixture ratio. The object of the closed-loop
system is not to 2ocurately control engine mixture ratio; that is left to
the vehicle guidar.ce computer. During this report period, work was
accomplished describing expected accuracy of volumetric flow meas-
urements relative to true mass flow measurements for computing mix-
tv~~ ratio, Volumetric mixture ratio is expected to be --‘thin 5 percent
of ti 2¢ mass mi--*urs ratio over the range of thrust. The flowmeters
each contribute uv,3 percent (J-2 experience), and the filtering and
multiplication process is expected to contribute another 1 percent, If
piessure measurements are used, less accuracy is expected because of
the trausducers {2 percent accurate, J-2 experience) and method of
computation to yield an estimated 10 percent., The open-loop system is
expected to yield an a~.uracy of 15 percent for a given input current.

Dynamic Performance

(U) Prezently, no problem in dynamic performance are anticipated
with either the closed-loop or open-loup sysiems. One possible cri-
terion may arise in the ratin of fuel turbine time constant to oxidizer
turbine time constant; toc large a discrepancy will cause a large change
in mixture ratio during fast changes of input for the open-loop system.
Another disadvantage of the open-loop system is a loss in flexibility of
manipulation of the engine transfer function. The ability to change this
function might prove advantageous in the advent of a POGO problem or
other vehicle/engine interface instability problems,

(e) Gimbal Actuator Study

(U) During this report period, a preliminary study of estimating g im-
balliag loads, sizing actuators and servovalves, and determining the
output power requized of a hydraulic pump was completed. Tne results
are preliminary ones because the engine thrust structure configuration
and exact iocation of the gimbal bearing and actuator attach points are
not yet determined; however, one of the four candidate tl.rust structure
designs was selected for study purposes. Some of the st.dy assump-
tions and results are listed below.
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GENERAL OPERATING CHARAGTERIST'GS

Gimbal Angle (in circular pattern), degrees

GimBal Rate (maximum), degree/sec

Gimbal Acceleration (maximum), mdianu/sec?’

Longitudinal Acceleration, g
Lataral Acceleration, g

Engine Momeuis of Inertia, in-ib-secz

Gimballing Loads (maximum), in-1b
At 30 deg/sec rate
At stall
ACTUATOR
Moment Arm {(assumed), inches
Area, sq in,
Stroke (for +7 deg), inches
Rate {maximurn), in/sec
Maximum Differential Pressure, psi
At 332,000 in-1b load moment
At 500,000 in-1b lcad moment
Maximum Force, pound
At 332,000 in-1b load moment
At 500,000 in-1b ivad moment (stall)
Power (maximum), :p
SERVOVALVE
Flow at 30 deg/sec gimballing, gpm
Flow Rating, gpm

At 1000-psi differential pressure
At no load

CONFIDENTIAL

30

30

5

1.5

5900 Pitch
Axis

5600 Yaw
Axig

332,000
500,000

31.25
5.33

+_,.82
16.36

1992
3000

10,600

16,000

26.34

22.87

22.60
39.25
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HYDRAULIC PUMP

Differential Pressure (nominal); psi 3000
Hydraulic Fluid , MIL-H-5606
Power (gimballing in actuator pliane), hp 39.67

Power (gimballing at 45-degree plane), hp
32 gpm at 3000 psi 56.1
32 gpm at 2070 psi 37.4

(U) The study reveals that the thrust stiucture concepts heing con-
sidered will permit a substantial moment arm {31 inches) a2nd thereby
minirize the actuator force requirements., If the girnbal bearing loca-
tion .- raised above the olane of the injector, the engire moment cf
inertia will lucreasze and raise the power demands; however, even the
wors* 282 does not present a design problem,

{U) At the Air Force/RD coordination meeting of 29 August 1966 a
diagiam was presented of the acceleration loads to be ugced in designing
the demonstre.or and flight modules. These loads are greater thap

those used.in the study to date., This new data wili be incorporated irto

the gimbal and actuator load definitioi. during the n2xt quarter,
(f} Altzrnate Engine Cycle, Gas Generator

(C} UDuring the second yuarter, a study was undertaken to compare two
different acrosr e engine systemis, The variaiions involved tapoff vs
gas generator ine drive gas sourcas. with hot gas used to ignite the
main thrust cliainber., The effort was .aitiated t¢ provide backup data
based upon recent experimenial results and design studies to be used
in a final system confipuration selecticn, Because the two systems

k- 7e many common cormponents, the desipn effort currently veing con-
duc’. 1 on the tapoff configuration wil’ be useful for either system re-
gardless of the final seiection,

(C) The two candidate systems are shown schematically ia figure 8,
The first is the tapoff driven cycle with a hot-gas igniter for thrust
chamber ignition, Thrus: and maxture ratio control are achieved with
hot-r=s valves 1 e turbine inlet lines, The igniter tomperature ig
contrelled during wae start transient by the use of a liquid oxvgen
vegulator, and a hot-gas igniter isclation valve 1s required 1in the
i~niter discharge line to preve ! tapoff gasszs from civeoulating iato the
"t e body during mainsfage.

-
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{C) The second system is the gas generator driven cycle also using
hot-gas as the thrust chamber ignition source., One hot-gas valve is
used for engine mixture ratio control, while valves in the gas generator
liquid lines are used for thrust control. Two additional hot-gas shutoff
valves are required in the thrust chamber ignition lines, while the
igniter isolation valve is eliminated from the system.

(C) The two systems will be compared on the basis of performance,
weight, reliability, cost, risk, and operability, Preliminary resnlts
have indicated that the tapoff cycle provides a small (1 second) per-
formance advantage over the gas generator cycle; however, current
test results have raised the possib’ - ty that the tapoff gas prcperties
may have a lower energy conten* an used in the performance calcula-
tions, If the tapoff gas properties should turn out to be closer to gas
generator propertiss, then the performance difference will become even
smal. ~.

(C) From a weight standpoint, the two systems differ only in their
ignition systems, controls, and ti:-Nine drive gas systema. Preliminary
weight comparisons have indicat. - ! the two are virtually identical.
The two systems both require the .. ...e hot-gas manifold because it is
sized for the start condition, and the gas ganerator and hot-gas igniter
have no significant weight difference. 3oth of the combustors are sized
for the start condition and only the injector design will differ between
the two. While the gas generator system employs one extra valve, the
weight of those valves found only in the gas generator system appears
less than the weight of those valves found only in the tapoff system.
Both systems use the same four-way hot-gas distribution rmanifold at
the combustor exit together with the same hot-gas ducting design.

(U) From the schematic comparison, it can be seen that the differences
between the two systems lie almost entirely in controls. The tapoff
system employs eigh! valves and the gas generator system nine. Five
valves are common to both systems. An analysis of the module layout
indicates that the valve changes can be made with virtually no altera-
tion to the engine packaging arrangement. This fe.ct greatly enhances
the tapoff development program, because the design is flexible and
could be converted wu # cas penerator design witk a minimum of effort
and time, The layouts aiso emphasize the fact that much in-depth
design on common componcnts can be initiated eariy in the ADP pro-
gram without the risk of lost effort,

{U) Preliminary th:st and mixture ratio control studies indicate that
dynamics of the system controlled with turbine hot-gas valves is beiter
than that controiled with gas generator liquid propellant valves. Pre-
liminary studies also indicat~ operation and control of the gas generator
at low thrust levels may present a problemn: because of the low allowable
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injector pressure dropas. On the other hand, the attainment of accept-
able turbire drive gas properties in the tapoff system over the mixture
ratio and thrust range of interest may present a significant development
problem, ' ;

(U) The factors of reliability, cost, risk, and operability have not bsen
studied quantitatively; however, a preliminary qualitative assessment
can be made. The tapoff sysiem has the potential of being the simplest
and most reliable because of the elimination of the gas generator opera-
tion during mainstage and the simpler control problem. But it izay
also be the most expensive, and involves the most risk, as an unknown
development quantity, However, the development risk factor is reduced
by the flexibility of the system and its ability to be readily converted to
a gas generator design.

(U) The main development advantage of the gas generator system is

the avoidance of the development of a thrust chamber tapoff port design.
This permits the hc' -gas ignition ports to be designed for only one
function without compromise, It also reduces the extent and complexity
of thrust chamber testing, with a resultant decrease in development
cost, However, because much of the tapoff development testing will be
conducted on low thrust level segments and in conjunction with normal
thrust chamber testing, the actual dollar difference will be difficult to
determine., Further effort to evaluate the two systems will continue
during the next quarter and a design decision will be made at that time.

(g) Start Dynamics

(U) A dynamic simulation of the fuel feed system was developed during
this report period, A deep chill of the cooling tubes (-400F) was
assumed in this first analysis. Also, pump surge (a region of positive
H-Q slope or discontinuity) was not simulated. Ags the study progresses,
effects of coolant tube initial temperature, pump surge, and other sys -
tem parameters will be added to the scope of the analysis.

(C) The description of the central ignitor, hot gas, and turbine flow
system was modified to reflect current configurations but remained :n
a simplified form. Transient performance of this system is shown ia
figures 9 and 10. The valve sequencing is shown in figure 11,

(C) Pump speeds rise steadily until they reach 9044 rpm (LOX pump)
and 14240 rpm (fuel pump). These speeds are those required for the
20 percent thrust level performance. They are almost 40 percent of
these required for 250K thrust (because the flow coefficient is 50 per-
cent »f nominal) due to the flat H-Q characteristics. A controller
which affects turbine valve area is responsible tor this speed profile,
Fuel turbine valve area was made a function of the difference betwean
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Transient Performance, Pressure and Pump Speed vs Time
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14240 rpm and actual speed, LOX turhine valve area was .

function of the difference between the ratio 9044 rpm/14240 rpm and
actual ratio or LOX and fuel pump speeds. As a result, LOX and fuel
discharge pressure are very close to each other during the .iart, The
LOX is actually slightly lower during most of the start, This pressure
profile reduces demands on the central igniter mixture ratio'controller
and enhances the possibility of removmg the requiremenc entirely.
However, as long as oscillations exist in the fuel feed system, a con-
troller will be required. : . |

(U) Dcvelopments in the NASA SDI program are being continually re-
viewed for state-of-the-art applicauility to the ADP program, . Recently
a test progr»™ was co~1ducted investigating the priming and dlstnbutxon
characteristics of the LOX manifold utilizing water and gas-water in
three 0.25-scale transparent models. With four tangential lines feedl‘ng
a toroidal manifold, symmetrical rapid priming occurred., With two".
symmetrical radial arms and four 90-degree tapered manifold secti on#
a high velocity impact against the end of each nection occurrecd, creating
a pr.ssure wave which swept back through the manifold. Th.~ charac-
teristic may be undesirable at engine start. FHowever, evaluation of the
water flow data from a manifold using 2-tangential inlets indicates it
pr1mes uniformly. In addition to the transparent model manifolds, a
full-size four-tangential inlet manifold was constructed. This manifold
was water -flow tested at the high-flow facility, and tests results have
indicated exce!'ent priming and fluid distribution characteristics. As
additional results are obtained from the SDI program, they will be
uti'zed in the design of the Demonstrator Module.

(2) Preliminary Design
(a) Demonstrator Module

(U) The demeonstrator module layout was updated during the quarte-
and is shown in figure 12, It incorporates the parailel turbine ar-
rangement established during the last quarterly effort and several
minor changes since that time. Line sizes and routings were altered
and the main propellant valves are installed in a vertical plane rather
than horizontal, while the hot-gas igriter design has been integrated
with a single isolation valve and a distribution manifold.

(U) During the second quarter, in-depth design was begun on the e2ngine
subsystems and components, Th:s effort was undertaken to reveal
some of the design problems which would arise 2nd require additional
tradeoff studies, and to establish subsystem envelcpes and interfaces,
However, to avoid wasted effort on configurations wich may later be
ruled out, the areas currently receiving attencic: are components and
subsgystems which are either common or very sir‘'~r te the alternate
module designs under consideration.
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(U) The four main engine subsystems (turbine drive, propellant feed,
igniter, and thrust) were studied to establish the criteria for the initial
velease of the preiiminary component design sheet-, and to define the
subsystem envelopes and intsrfaces. Subsystem schematics and func-
tional groupiag diagrar s were prepared an? incorporated in a subse-
quent revision ic . ese design sheeis.

Turbine Drive Subsystem

{U) Aualysis of the turbine drivc subsystems determined th=t the hot-
gas ducts ard manifolds must be sized for the start condition. Further
study was made of the tapoff duct configaration from a cost and manu-
facturing standpoint, The results indicate a mirror image design
which sacrifices a few pounds of weight for an ease in fabrication may
be the most attractive,

Propellant Feed Subsystem

(U) Deepening of the propellant f:e:l subsystem design covered a cryo-
genic seal study, a propellaut duc! raateriai trade-off study, and a pre-
liminary study of the oxidizer "Y" Lranch line. Five types of static
seals were considered:

1. Elastomer O rings

2. Metal! O-rings (vented and pressurized)

>
]

-geals

13

4, Con-c-seal
5. Naflex

(U) The Naflex seal was sciected because of previously conductc
Rocketdyne evaluation studizs which deisrmired that the Naflex seal
perfor:sns == well ov better than olther cryogenic static seals available
at this writing, and because previous Rocketdyne us-ge and se.:zc
experience is strongly in favor of the Naflex sr:l.

{U) The propellant duct materials considered in the design study were
347 CRES tubing, 6061 -Té zlun:’"ywum extruded tubing. and Inconel 718
welded tubing. The Inconel 7!% ~ubing was selected on the basis of a
higher strength-to-weight ratic and saperior ~apability to resist ther -
mal stresses and c=flections.

7(;
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(U} The study of the oxidizer branch line included an evaluation study
to determine the optimum manufacturing method to use on the Y-fitting.
The methods considered were:

)

I. One-piece forged billet, 5-D .uachined
2. Sheet stock, 4-piece weldment
3. One-niece precision investment casting

Controlling factors, weight, cost, ease of manufacture, tocling costs,
reliability, delivery, and simplicity influenced the decision to design
this part as a (3-D machined) one-piece configuration, Braided wire
f1exible hoses were also considered in the design evaluation of the
oxidizer branch line assembly, High weight and precsure loss were
the significant reasons for rejection of this configuration,

Igniter Subsystem

(U) Analysis of the igniter subsystem was made to help define condi-
tions duriag the start transient and also to define the igniter gas/tapoff
gas inter-relationships. ‘Through this study, it was determiuned that it
wag desirable to isolate the hot-gas igniter body and injector from tne
tapoff gases flowing during mainstage. At this time, it appears that a
check valve ag previously envisioned is unsatisfactory because pres-
sure in the igniter is always greater than that in the tapoff duct until
the igniter is sealed off. This l2d to a tentative design of an integrated
hot-gas igniter body and poppet valve., The design shown in figure 13
alsc integrates the hot-gas plenum chamber distribution manifold with
the igniter body and valve. The manifold has four openings with cach
tapoff duct inlet cu-lir ear with a turbine drive duct outlet. This design
thereby minimizes the steady-state tapoff hot-gas pressure drop
through the distribution manifold,

Thrust Subsystem

{U) The thrust subsystem was studied to improve accessibility and to
analyze the thrust structure. The accessibility study determined that
the oxidizer and tapoff ducts should be designed with a joint at a diame-
ter greater than the central thrust structure beams. This wouid per-
mit the thrust chamber to be deti:ched from the structure and dropped
free of the components mounted in the well with no interference.
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Figure 13, Igniter Hot-Gas and Isolatior Valve/Manifold Assermbly
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(U) The method of mounting the pumps on the thrust structure wae
studied, and a preiiminary concept which features adjustability in all
three axes is shown in figure 14,

(U) A deeper thrust structure trade study was initiated primarily to
re-evaluate the weight assembly. and accessibility aspects of this
component assembly. Figure 15 depicts 25 basic concepts in three
basic categories using the module gimbal point as a means of classifi-
cation: (1) locating the gimbal point at the elevation ot the injector face,
(2) and (3) locating the gimbal point at increasing elevations above the
injector face. A limit of 13 inches was placed on the lowest elevation
to be occupied by the structure, because of voluine requirements for
module components within the thrust chamber centerbody cavity. The
upper limit i» cstablished by dynamic envelope and engine length re-
quirements from module application cuiizidzrations, Out of the 25
concepts, four candidates (figure 16) have been selected for mouic c:i-
tensive evaluation preparatory to the final selection. Figure 17 shows
the plot of weight vs height for the truss configuration and is the same
in general for the heams. Figure 18 shows the dimcnsional geometry
of the module related to available space for the thrust structure. A
plot of the module dynamic envelope radius vs gimbal point elevation is
shown in figure 19 for the 7-degree circular gimbal pattern,

(U) Final analysis and evaluation of the thruet structure trade study
will be completed next quarier.

{b) Flight Module

(C) Preliminary layouts of the 250K and 250K flight modules were pre-
pared for use in the applications study. A nominal 350K engine is
shown in figure 20. This engine delivers a vacuum thruet of 350K
operating at an engine mixture ratio of 6:1, The annular combustion
chamber operates at 1500 psia (nozzle stagnation), and the products of
combustion arc expanded along a shrouded, truncated, 25-percent
length spike nozzle.

(C) As shown in the general arrangement drawing, the gimbai point is
in the plane of maximura diameter and, thus, the dynamic diameter
during gimballing is the same as the siatic diameter for this
configuration.
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{c) Parametric ‘angine parformm&, g :
~ ‘gensrated for combin ticagd of the kﬂw g wumtteﬂ M Wau to

@M‘im qu o
RPLon 9 Auguc* 1960,

o Thruat. pounda x 103 150, 200 250, 300, 350
Ghmlier Preuure (rozslse
~stagnation), psia 156, 1900, 1256 1500, l‘fso. zooa
; Engine Mixture Ratio " 5,0, 5.5, 6.0. 6.5, 7.0
~ Engine Diameter, inches 80 to 120 )

'(C) The data are based on the promiu that each engine win be capable

- Hydrogen Pump

of pperating at the design thrust level over a mistti¥e ratio excursion
from 5 to 7 witha nominal at 6, System geomstry was, therefore,
established in each case for a mixture ratio of 6, abd performancs was
then determined over the required mixture ratio range for each geo-
metry. The nominal chamber pressures used in the ‘study were sitab-
lished to exist &t mixture-ratic of &, Because of performance c!amu
which resuited from mixturs ratio variatio~. chamber pressure raust
vary when thrust is held constant. The effect of mixture ratio variation -
on chamber pressure at conetant thrust is shown in figure 21. It should
be noted that this figure applies to all values of nominai thrust and
diameter. Variations over the thrust and diameter rangé considered
here wera shown to be insignificant, :

Subsequent to the preparation of the parametric data, the program
was reoriented by RPL to remov : the requirement for constant thrust
capability over the mixture ratio excursion. The design direction to be
taken in "esponse to this change is currently being evaluated.

(c) Turbopumps

{C)- A mmmary of <in fuel turbopamp operating rchremants is sho“"f‘_;
in Table 4. The eatabiishment of the maximum operating head of the -
fuel pump at 89,116 feet {Table 4), required a re-evaln of the salec-
tion of the type of pump best able to meet this requirement, The three
types of configurations re-evaluated were: :

1. Single-stage, inducer/centrifugal pump (1-1/2 m;gur
2, Single-strge, mmitivaned centrifagal pump (mu!tntage radial)
3, Two-anga. cmuifucal pump

’ 0’1‘&0 data will be mnded to mln&s 2250 peia next quarter,
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TABIE 4
FUEL TURBOPUMP OPERATING REQUIREMENTS
Nominal | Maximum
Mixture Ratio 2o
Pamp
Flowrate, 1b/sec
Diacharge Pressure, psia 2635 3014
Head, feet 81,669 92,840
Flov, gpm 8449 0428
NPSH, feet 60 60
Turbine
Inlet Pressure, psia 1017 1438
Inlet Temperature, F 1500 15090
15,708 19,278

Horsepower

NOTE: TBO
Restarts

10 hours
100

Throttling ratie 5:1
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The pump parameters at the design point are shown in Table 5 and H-Q
and efficiency curves for the three typ:s are shown in Figure 22. The
evaluatioa of the pumps was made on the basis of:

Life

Weight

Hydrodynamic Performance
Uprating Capability

: Manufacturing Difficulty
Efficiency

Off Design Performance
structural Design
Maximum Bearing DN
Maximum Seal Speed
Overall ° mensi-ns

(U) Table 6 is a compilation of properties of possible impeller materi-
als., Titarium and several aluminum alloys were chesen for their good
strength-to-weight ratio. Ductility, ease of fabrication, and history of
successful use as impeller material were also considered. Figures 23
and 24 indicate maximum allowable tip speed for various impeller back
plate configuration and matsrials, These tip speeds were calculated in .
accordance with established Rocketdyne burst speed policy; i. e., the
maximum allowable speed equals to 75 percent of the burst speed. The
effect of peak strecs due tuv bending was not included, and may decreare
these allowable speeds somewhat, A weight comparison of the two-
stage impeller configurations for aluminum and titanium is shown in
Table 7.

(U} One of the important considerations with respect to the multistaged
radial pump is the maintenance of minimum. tip clearance, and to evalu-
e thia 2 preliminary structural analysis of a volute configuration for
wuae radially staged LH pump was unaerta’ .en, Figure 25 is a repre-
sentation of the deflected shape of the vol: .e¢ due to internal maxirium

pressure. The magnitude of the calculated deflections are shown in
raveral locations. These valuen mav be reduced by increasing the
thickness of the volute in certain areas and by designing the volute in-
let guide vanes to garry cornprouiva loads. Other sourcec of st.uc-
tural disolacement.’ 4ffac ing the tip clearance, are also tabulated in
figure 25,

{U) A suminary of the comparison oi the three LH; pump coafigurations
is shown in Table 8. Based on weight, efficiency, uprating capability
and off-design perfcrmance characteristics, the 1-1/2-stage pump was
eliminated from further considsration, The choice betwaen the two-
stage centrifugal and the radial-staged pump was morc difficuit, Weight
efficiency were about equal. Reliabﬂity and long life, achieved through
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T NOTE: WEIGHT OF FRONT
|  SHROUD AND VARES

IS CONSIDERED

IM CALCULATIONS
1940 FT/SEC

TIP SPEED =

Figure 23.

" Ailowable Tip Specds
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MATERIAL . ANO-AT-ELI
iy | AR
CONFIGURATION TITANIUM
NO. 1 1446 FT/SEC 1894 FT/SEC
b :
NO. 2 1473 FT/SEC 198 FT/SEC

Onc and Ome-Hnlf-Stage Hydrogen Impell.; Backplate
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the design approach of as few parts as possible, a mirirnum number of
joiats and high-pressure leak paths, elimination of strass areas and
material selection for adequate strength, was roughly equivalent. The
problem area of the cross over lines on the two-stage design was
balanced by the problem of maintaining rotor tip clearances on the
multistaged radial, Seal speeds and bearing DN values were almost
identical; however, the H-Q characteristic of the radial-sciged pump
was steeper, which is more desirable from a throttling standpoint,

(U) The final decision, the selection of the two-staged centrifugal pump,
was not based, therefore, on any technical superiority, but on the iack
of empirical data on the stall characteristics of the radial-astaged pump
whi-h would require additional testing,

Oxidizer Pump

(C) The preliminary LOX pump parameters are summarized in

Table 9. The LOX turbopump, is proposed, operated at a speed of
25,000 rpm and utilized an outboard bearing on the turbine end of the
shaft which was lubricated with liquid hydrogen. The problem of dis-
tortion in the hot bearing support and the complexity of piping liquid
hydrogen to the LOX turbopump bearing resulted in the evaiuation of an
overhung turbine design. The required small inlet diameter of the
pump at 25,000 rpm resulted in a critical speed problem with the over-
hung design which was resolved by decreasing the pump spead to
20,000 rpm. This increased the pump inlet diameter, thus increasing
the shaft diarneter; however, it reduced the turbine u/c ratio and re-
sulted in an increase in turbine weight flow. A larger turbine diameter
is currently being investigated, “hich wiil add weight but re-estabiish
the lower turbine weight flow, Evaluatiuu of the two configurations is
continuing.

(d}) Thrust Chamber

{U) The demonstrator modul. thrust chamber design effort was deep-
ened to include dc*ailed analysis of the structure, combustor, injector,
heat transfer, and nozzle.

Structure

(C) During this report period, the design approach to the chamber wall
structure has been defined. The design selected embodies a chamber
wall strn ‘ure of titanium alloy (6Al -4V), Nickel coolant tubes wili be
brazed to a thin In-orel 718 backup member {either bands or a complete
sheet) which in turn will be epoxy-bonded to the titanium structural
wall. In addiiion, the chamber walls will b2 linked together by bolting
through the 40 chamber baffles. This structur:l tie will maintain the
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throat gap within acceptable lim:ts during firing and will result in a
significantly lower chamber weight over an unlinked design.

(U) This design approach resulted from a parallel and competitive de-
sign study which compared a conventicual Inconel 718 structure (fig~
ure 26), the seiected machined titanium alloy configuration (figure 27},
and more advanced structural concepts cf honeycomb (figure 28) and
press diffusion-bonded titanium (figure 29), The critc ma for selection
in this design study were weight, manufacture and assembly, cost, and
experience as seen in Table 10, Th: more advanced honeycomb and
diffusion-bonded titanium designs will reguire development of the
specific fabrication method which woulid req.’re more time than avail-
able for the demonstrator module. They were therefore eliminated for
the demonstrator and 20K segment, They do point out the puiential of
advanced fabrication techniques for the flight module.

(U) Table 10.Design Comparison Study

T
Chamber Manufacture
Design Weicht Experience and Cost
eight
Assembly
Machined . Difficult to
Inco 718 990 State-of-the-Ari machine Moderate
New agssem-
: bly tech-
NA a
:r"'.aCh?n"d 750 Semiadvanced niques Moderate
itanium N
requiied for
epoxy
assembly
Titanium Difficult to
: 650 Advanced machine and | High
Honeycomb
assemble
Diffusion- Extrem-.y
Bonded 600 Advanced difficult to High
Titanium assemble

{U) Titanium was selected for the chamber wall structure because of
its extremely high strengih-to-weight vztio. Apr.oximately 200 pounds
weight savings can be effected with titanium ov. ' an Inconel 718 con-
figuration. Fabrication of \he titanium wall will be achieved by ma
chining a ring forging to the configuration required tc yield the highest
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strength-to-weight design. This method was seiected over 2 m ’
and welded assembly because il can be designed to higher stress levels
due to the absence of welding. ,

(U) The selected baffle coolant circuit iz shown in figure 30, Pressurs
drops shown represent increases above conditions that already exist in
the chamber as a result of cooling of the tube bundle, This cireunit
combined the most desirable features of thue two alternate configurations
shown. In this design, both the pressure drop and bulk temperaturs

rise of the separate flow paths have bsen balanced before they »re
combined in cooling of the outer wall immediately upstream of the throai.
Furthermore, the baffle is separated from the injector assembly which
ensures eagier installation of the injector on the chamber wall assembly,

(C) Two concepts (figure 31) were studied tor the structural tie between
the inner and outer chamber bodies, The first was the selected tie
through the chamber baffles as secen in figure 27, wkile the second was
to employ structural ties in the subsonic portion of the combustor im-
mediately upstream of the throat (figure 32), Chamber stability baffles
would still be required with this design.

(C) The initial results of this study indicated that 80 subsonic ties
together with 40 stability baffles woula yield the lightest weight cham-
ber assembly. Detailed design and analysis revealed that with 80 pre-
loaded ties the predicted weight increased, while the amount of chamber
blockage increased the heat flux on this tie from approximately 15 Btu/
in2-gec-F to 28 Btu/inl-sec-F, and therefore increased the coolant
pressure drop required to cool the tie, Furthermore, with both a sub-
sonic tie and a stability baffle to cool, the hydrogen coolant circuit be-
cmie undesirably complex.” For these reasons, the 80 geparate struc-
tural tie design was abandoned in favor of using bolts through the 40
bafflcs.

Combustor Configuration

(C) The combustor as described in the first quarterly report is identi-
cal to that of the 250K experimental thrust chamber, and it is 2 inches
wide and % inches from the injector face to the throat, The combustor
side walls are parallel and *the range angle of approach to the throat is
40 degrees, The effective contraction ratio is 7.1:1, and the effective
L* ig 40 inches. The combustor volume is divided into 40 compart-
ments by full-length structural baffles,
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Inject.. Configuration
[ (C) The demonstrator module injector pattern will be the same as the
250K experiment'l injector with modifications found necessary in the
L test program. The design charactieristics are given in Table 11 The
: pattern features a continuous raised hydrogen post which is ’ >cated
r between recessed LOX flat strips. Two LOX ;-ts impinge below the
hydrogen post to form a LOX fan.
Table il. Injector Characteristics,
250K Injector
4
Characteristic H‘2 System OZ Systein
W, . 79.21 1b/sec at 150U psia P | 475.26 lb/se~ at
tot-1 ' .
1500 psia PC
Ap 400 psi at 1500 Pc 375 psi at 1500 PC
T 400 R --
oy i
2 E
‘ Poa -- 70 1~ /6t
No. of orifices | 2800 (incIndes bias) 14,480
I
l% 0.070 inch J.0368 inch !
ole 4 |
Atotal 9.07 sq in, ; 4.77 aq in.
€ IS B
; . STRIP CEOMETRY
} v
H, Post Height 0,238 inch above LAY sirip
H, Post-to-Impingement ; istance 0,160 wmnch
Angle ‘T.OX to LOX includ.d) 650 degrees
Overall F=ight of Strip C.498 inch
No. of zlements per strip 8

—
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Thrust Chamber Heat Transfer

{U} The design for the 250K demonsirator engine cooling tubes will
commence in the next quarter, Jt will incorporate ths latest infor.na-
tion concevning heat flux, choice of wal! material and operating tem-
perature limits for long life, tube roughnesses which can be reasonably
expected based on 2.5K tube segments, and coolant curvature enhance-
ments, Effects of baffle design which is currently in progress on the
tube cuoling requirements will be considered,

Nozzle Contour

(U} The contour and shroud configuration for the demonstrato. module
thrust chamber wzre selected or .he basis of high performance at all
altitudes and heat transfer congiderations. The latter involved a
shock -boundary layer interaction phenomenon which could possibiy
lead to local boundary layer separation and adverse local heat fluxes,
Doth the periormance estirnates and the prediction of the shock-
boundary layer effect are highly dependent on the predicted wali pres-
sure profiles.

(U) To verify the theoretical calcvlztion techniques employed to predict
the wall pressure profile an experirnental cold flow nozzle test series
was conducted under separate task, The cold flow (nodel employed in
the test series was a two-dimensional gquarter-scale segment of the
250K experimenta. hrust chamber, Both analytical and experimental
wall pressure profiies for a trpical data run are shown in figure 33.

to predict wail pressure profiles of the 250K experimental thrust cham -
ser is more than adequate. Based on these model tests, it can be con-
cluded that high nozzis perfer-aance will be obtained al all altitudes and
that no advarse heat transfar conditions will occur as a result of shock-
hounuary layer interaction.
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condition. The results showed a 1.1 second decrease in specific im-
ralse, indicating that a very substential decrezee in the energy content
of the tapoff gases at throtded conditiona will not aamu:lv penalize
engine performunce,

(2) Hot-Gas Ignition

{C) Hot~gas ignition of the main ~hamber hae been a problem area
which is being studied under a separzie test program. The rzquired
hot-gas and liguid propellant conditions for smooth repeatable starts
are being determined, Problems in igniting liquid hydrogen earlier in
the quarter have been overcome, and resuits to date have been quite
satisfactory. Ignitions have been achieved with 2 hot-gas temperature
as low as 1370 % at the propar sequence mixture ratio and with liquid
hydrogen., Data from this program will be used tc finalize the thrust
chamber and ignition system designa,

{3) Hydrogen Feed System Start Transient

(U) A major start transient problem area may be large flow osciila-

tions in the main {uel feed system. An analog of this system could be

a line filled with a cryogenic fluid, a valve, and a large bottle with a -
small hole discharging to atrnosphetre {(as shown belowj), The bottle

oA
% |
i.»-

is the cocling tubes and the small hoie is the throat section of the tubes.
When the valve is opened, liquid flows into the warm container and
turns to gas which is compressed at relatively high pressure. Being a
gas, it cannot escape rapidly enough out cf the small hole, therefore a
flow reversal or oscillation occurs in the line. Two things can happen
to stabilize the systemm. The container chills to liquid temperature
reducing gas formation, or line pressure increases decreasing
capacitance,

(U) If these oscillations are severe enough, they can drive t'.. purup
into an unfavorable operating region such as a "surge'' or ''stall” region
{rom which recovery may be difficult, It appears that some sort of
auxiliary flow system will be reguired to maintain pump flowrate above
some minimum value, This system mav take the form of fuel pump
recirculation, or fucl dump into the fu~l turbine discuarge, LOX turbine

a0
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discharge, base plenum, dace region, or fusl injector. A fradecofl . -
study will be miadé oo these yetems:. The system wiil be cad .,
full-onen at s3art with amider: temperature cunliag hdies, ;
ciosed as fooling-tube impedance decreases and cooling-tubs heat
transfer and ragqeired con) ag increqess, L o

#) Oxidizes Priming and Valve Soq: welog

{U} The problem: of main oxidizkr system priming is being studied
under the NASA Systems Dyramics Investigation Program Coniract
WAS 8-19. This study is investigating LOX priming volumaes and times
and is considering the technical problems of multiple lines, symmetri-
¢al and unsynimstrical configurations, bafiles, and orificing.

{C} Priming the main oxidizer system and sequencing the main LOX
vaive will ha a cri*ical point in the start sequaprsing, With a relatively
fiat -0 prmp curve, fuel flowrate drope int¢ the surge region and may
not recove . Thus, a two-step with ramp secondary opening main LOX
valve a# used in J-2 type engines may be required and is shown in fig-
ure 11, Increasing the negative slope of the H-Q map will decrease the
criticality of these requirements. ' '

{3} Hot-Gas Priming

(U} Gas dynamics and heat tranafer is expected to be important in the
hot-gas system. This system is sized to have minimum pressure drop
to maximize available turbine starting torque. Its flow capacity is
actually larger than that required to drive the engine at 100-percent
thrust, This large capacity creates a large priming volume and heat
transfer area, signifying that gas dynamics and heat transfer will be
important as it wae with the J-2 crossover duct.

{6) Oxidizer Propellant Feed Line Configuration

(1) The oxidizer propeilant feed line configu ation is still an unre-
solved problem area. The currart laycut she ‘s two symmetyical
branch lines from the pump to the tarast cham .er manifold. The LG¥
priming a*3ies being conducted on the WASA Systems Dynamics Inves-
tieniion program are considering two, four, symmetrical, and unsyme-
trical brenvh lines. The lat'er design appears tc decrease the priming
time and provide a more uniform oxidizer distribution in the manifold.
The effec’s of unsymmetrical lines has not vet been determined, and
the packaging problem of more than two lines has not heen assessed.
The final design configuration must therefore await further results
from the Systems Dynimics investigation togethe: with design trade-off
giudies,
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(7) Thrust Chamber/Thrust Mount Thermal Growth

(U) Another problem area arises in tho dosign of the thrust chamber/
thrust mount interface, The thrust chamber will updergo a radial
contraction as a result of introducing liquid hydrogan into the rcgenera-
tive cooling cirsuit prior to mala chamber ignitics. However, the
thrust meunt structurs will remain at approximately ambient tempeza-
ture, resulting in a tendency toward relative radial movemaeat betwean
these two components which produces loads on the thrust mount cone
structure, The two components must therefore be isolsted mechanically.
This may be accomplished through the use of a thermal expansion con-
nection concept at tho component's circumferential i. terface which will
allow unrestrained radia: movement during component temperaturs
diffarences with no effect on concentric alignment. The techaique will
still provide a rigid load path during engine thrust, dry gimballing,
shipping, and handling.

{8) Fuel Turbine Seal

(U) A problem area in the fuel turbopump is the rotating seal betwsen
the second atage pump inlet and the turbine. In this location, the pres-
sure differsnce between *he fusl pressure and the turbine pressure is
greater than can be handled by the seal bellows. A partial solution to
the problem is to use a conventional ‘urbine arrangement instead of the
reveérsed flow turbine as this puts ths higher pressure stage next to the
pump inlet, decreasing somewhat the pressure difference. To further
decreasse the pressure differential, additional labyrinth and a seal may
be required.

(9) Preinducer Drive

(U) The LOX turbopump design requires the LOX preinducer to gener-
ate a relatively high load. This, co.abined with the NPSH speciiication,
is causing matching problams between the preinducer and the main
impeller. During throttling operi.ion, the preinducer flow coeificient
decreases more rapidly as the pump flow is dropped. One solution
would be the use of a high-speed inducer attached to the main pump;
however, this wii. increase the largest of the unit as weil as add weight.
Additional matching studies are underway,

d. Summary of Planrned Effo
(1) System Analysis
(U} The nominal angine design point balance will be continually up-

dated as component designs become final. A criteria for establishing
the uppe. limit of thrust over the mixture ratio range will be established
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early in the next report period and component deaign roquinma
modified as necessary to reflect this decision. :

(U} Selection of the control loop for mixture ratio and thrust will be
accomplished in the next report period. Analog computer design
parameter studies will be completed and control component parameters
requirements defined. Design of the control system will be initiated,

(U) The evaluation of tapoff vs gas generator cycle will be completed
and component design requirements rnodified as necessary to reflect
the decision,

(U) Conversion of the digital model to the IBM 360 system will be
completed early in the next quarter. Evaluation of candidate hydrogen
dump and bypass schernes to minimize hydrogen cooling tube insta-
bility and avoid pump operation in the surge region will be conducted,
Hot-gas valve transient requirements for balanced speed buildup under
both sea level and altitud ~ conditions will be determined. Tke dy-
namics of the hot-gas igniter, including priming transient and tendencies
towards chugging, and control response requirements will be evaluated.
A wimulation of the shutdown sequence will be accomplished to evaluate
cutoff rroblems and establish valve rates.

(2) Preliminary Design

(U) A study of propellant feed subsystem assembly and maintainability
will be made in addition to a study of duct routing that will provide for
better system isolation. In-depth design studies will be performed to
optimize the number of vxidizer branch lines (utilizing inputs from the
NASA SDI program), to determine the optimum method for ~upporting
the turbopumpr, to further evaluate cryogenic seals for st_tic applica-
tions, and to select the best technique for thermal isolation of hot
components.,

(U) The thrust structure trade study will be completed-and a thruat
structure selected for the module, The thrust subsystem design la, -
out will be carried through a second iteration. The engine general
arrangement will be modified as necessary to reflect the pending de-
cision relative to type of control loop and turbine drive gas source,

(C) The 250K and 350K module parametric performance and weight
data will be modified as necessary to reflect desigr decisions duriag
the course of the study. Sensitivity of system performance to compo-
nent variation, such as turbine inlet temperatures, turbopump efficien-
cies, system AP nozzle perc nt length. and etc. will be investigated
during the next quarter,
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(U) Optimiszation of the preinducer drive design will continue to arrive

at minimum weight and size and meximwrn cverall sfficisncy. Design
problerns and advantages of the following confignrations are being -
investigated. i "

1.
2.

3.

.
e

Through flow preinducer
High-pressure tip turbine preinducer
Gear driven preinducer

Separate gas turbine driven preinducer

The turbopump design efiort will be deepened to incluae more compre-
hensive and detailed hydrodynamic, turbine, stress and dynamic
analyeis, and the problems of the fuel turbine rotating seal and oxidizer
turbine diameter will be resolved,

(U) During the next report period, design definitions of the titanium
structural wall will be achieved. Finalization of this component will
involve consideration of such factors as structural tie baffle attachment,

load paths, coolant circuit manifolds and transfer ducting, hot-gas tap-

off, and the interfaces tetween the chamber wall and the injector, base
closure, fuel inlet, and thrust mouunt. Design of the coolant tube bundle
attachment to th~ structural v .ll will be supported by data on various

epoxXy comp "~ lau..

(U) Further definition of the injec:or assembly will also be conducted.
Pri.aary emphasis will be placed on seal type and bolt location.

(U) Preliminary design of the hot-gas valves, main nxidizer valve and
main fuel valv. will be initiated during the next cuart-~r,
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2. APPLICATIONS STUDY
a. Status

(U) The applications study task was initiated duriug the last half of this
quarter (mid-July). Preliminary venicle layout drawings were madse -
and structural studies began to generate preliminary parametric sur-
face areas and engine installation w: ights as defined by the Air Force
application packages. The structural effrrt during the report period
was concentrated on studying the Jctalls of ''state-of-the-art" thrust
structures and related systems that are rejuired to complete the
vehicle instaliation. These data combined with engine module para-
metric data will be fed into a high-spoed computer program to generate
the defined performance index data required for all the vehicles, As
the prelin.inary parametric data is refined. it will be fed back into the
program to help converge on the recon.nended common eapine maduales;
one for the 25CK and one for the 350K vehicles.

b. Progress During Report Period

(1) Performance Index Analysis

(U) In comparing module concepts and optimizirg engine paramete:s,
thz performance index is used as 2 basis of evaluation, The equatior,

presented in the application packages which defines the performance
indc« is shown below:

w -ZA.,
= ._g.___.._...’; - M o« W
W W ‘ Woo = K [Wy + 1.5 Ag +0.02 (W - W, )
-1

/3

{,,5)(500.000
RI\w -w
b 2C

The performance index approxiu..*es e stage burnout weig. t de-
creased by the weight of the e~ ine modules and engine-depe: 1lent
weights, with consideration of growth potential for the reusable stay.s.
The engine module perforrnance is reflected in the teri. buraout weight,
W,.. Other factors, such a. module geometry, weight, interstage and
fairing structure, etc., are also accounted for,

(U) With the aid of the Rocketdyne -design.1 IBM computer programs,
the performance index technique is being utiiized to optimize engine
and engine-vehicle integration ccmponent ~-aracteristics. sing
preliminar, es’ mates oif engine installation weights, interstage and
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fairing surface areas, etc,, exchange factors were first generated,
These exchange factors are teing employed to facilitate the formulation
and selection of design concepts regarding module location and arrange-
ment, thruet structure configuration, feed line routing, interstage and
fairing areas. During this report period, the performance index pro-
grams have been designed for use for both the 250K anca the 350K
modules,

(U) A consistent procedure for maintaining records on performance
index calculation inputs and results has been established, A continu-
cus log is being kept to document all pertinent information that went
into the computation for sach series of performance index calculations.
Summary records, graphs, and charts are also maintained for quick
reference and rapid comparison,

(2) Installation

(U) Examination of cach of the 2ix Advanced 250K Vehicles was initi-
ated and preliminary conceptual installation layouts prepared, Factors,
such as fairing and interstage surface areas, maximum skirt diameter,
.nd installation weight, which influenced the performance index are
being evaluated with the aid of exchange factors, The range of engine
diameters under investigation are from 80 to 120 inclies,

{U) The two candidate engine arrangements evaluated to date for cases
1 and 2 are shown in figure 34, Each vehicle was evaluated with
respect to overall engine diameter and engine arrangement, Perform-
ance index reductions due to increases in fairing area a..d maximum
fairing skirt diameter were computed. Results for Cases 1 and 5 are
shown in figures 35 and 36, respectively., These graphs are bac>d on

rrangements A [»ne inboard/four outvoard engines) and B (five engines
in a circular pattern), A comparison of both engine arrangements for
each vehicle indicates that mounting the engines in a circular pattern
results in lower losses; however, this configuration has the disadvan-
tage of not being sy:ametrical with respec. to thrust vector control
(TVC) about the pitch and yaw axes. During the Air Fc-ce coordination
meeting of 29 Augur-t 1766, Rocketdyne was directed to limit the clus-
tering arrangement to be studied for all 5 engine clusters to that
depicted in figure 34, arrangement 1.

(U) A cardidate Arrangement 1 thrust structure, similar w the con-
cept use ' on the Saturn S-II stage, is illustrat d in figure 37, The
thrust siructure consists of skin-stringer conical shell, This shell
transfers engine thrust ioads to the perimeter of the main struc.aral
ring. The four outboard eu.ine thrust loads are applied directly
through the gimbal bleck to the sngerons, The center module thrust
is reacted by two ci1~2s beams. These beams transfer the load to the
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longerons, The cro.s beams also react the horizontal force compo-~
nent of the module thrust load at the longerors. The total thrust loads
are thus sheared into the gkin-striager shell, Frames are provided on
the thrust structure for generzl <hell stakility, Kick loads from the
longerons and from the conical shell also have to be considered in the
design of the framec,

(U) Paraineters aifecting the frames, lovgeron and cross beam design
are the magnitude and sense of the module kick loads. The kick loads
are dependent npon the {1) location of the frames at the axtremities of
the longerons, {2} the location of the ¢ross beam to longer un attach-
ment, and {3} the TVC actuator attachment location. 'The longeron-t--
shell stiffness ratio influences the conical shell compression load dis-
tribution {determined through a shear lag analysis). The shell Jkin~
stringer axdial load carrying capabslity is 7lso determined by the frame
iocations,

{U) Cases 2 and 6 ur= single engine installations and were evaluated
differently than the multiengire installations. In Case &, performance
index reducticn caused by increases in interstage area as a function of
engine/y *hicle thrust strv-ture : ;ount height is shown in figure 38,
Minimum mount heights for each engine diameter occur at that height
for which the overall interstage l-ngth is approximately 8 feet, Fig-
ure %8 indicates that for a givew mount hoight, the larger performance ;
index reduction occurs with the 120-inci-diameter engine. Prelimi-

nary analysis revealed that Case 5 interstage area is indeveundent of

thrust structure mount height hecause of the fixed 20 feet diameter at

the aft end of interstage and the ‘imiting 15-degree surface angl~, In

cuse 0, perforrnance ind:x reduction caused by increases in fairing

iz shown in figure 39, The range of module diameters does not

atilice the envelope generatud by the jiderstage surface. Thrust

fas a function of mount height is being

sitvuciare and feed Hne w
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(U) The variation in performance index werc stu.’ >d with respect to
fairing area and maximum .airing skirt diameter. A graph (figure 41)
of relative perfornance index decrease vs module diameter for the
three arrangements shows that the smallest losses with respect to
fairing area and maximum skirt diameter occur with Arrangement C
for the range of module diameters considered however, Arrangements
A and B have the advantage of being symmetrical with respect to thrust
vector contr.! about the yaw and pitch axis. On 31 August 1956, AFRPL
provided the study ground rule that multiengine installations must be
symmetrical about the pitch axis and the yaw axis, thus eliminating
Configuration C from further consideration,

ure 42 shows the tank-end and between-tank mounting configurations,
The between-tank installation has a smaller fairing area compared to
the tank-end design; however, it has a higher propellant feed line
weight, A study is underway to establish the optimum installation
configuration,

(U} Two concepte of pyramidal thrust structure have been studied for
this case, One concept, the tubular design, carries module loads in
four main compression members from the thrust forging to the vehi~le
(figure 43). The other concept, a sheet-stringer design, carries
module loads to the vehicle by means of longitudinal stringers stabilized
by & thin skir {figure 44).

(U) Two engine arrangements are being evaluated for Case 5, Fig- l
{

(U) The tubulur design is governed pr.;marif-y by column buckling con-
siderations. The main thrust members have hoilow circular-tube
cross sections. The hollow circular tube is the most efficient section
in column buckling because, in a column free to buckle about aay axis,
it provides the greatest stiffness per '"nit area. Tubular cross-
members are employed to break ithe relatively long unsupported length
of the main mi~mbers into a number shorter columns, thus increas-
ing the ¢ritical buckling load of the main members.

(U} The sheet-stringer design utilizes several Z-section s'ringers to
carry the module loads to the vehicle, Thin sheet is riveted to the
stringers. A rutential weight advantage exists for this type of struc-
ture over the t -bular design, This advantage arises from the fact that
the thin sheet a. ts to prevent the .tringer frorr buckling abcut their
axis of minimum stiifness, Thus, a deep wactim {such as the 7 -
sections), with a stiffrwss/wcight ratio grea* r than tubular members,
can be used,
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(U} Because of the mounting requirements, several departures fro:n.

a standard sheet.stringer design are necessary. First, the vehicle
mounting provisions are two parallel channels, Thus a conical struc-
ture, which would provide the most efficient struciure, ~annot be used.
Second, the vehicle mounting channels are not ¢oinected by cross-
membhers, For this reason, stringere cannot be used on two faces ox
the pyramidal structure, " acause there woula be nothing to react fueww
loading., On these vwe faces, nacessary shear stabilization will be pro-
vided byy diagonal braces, or possi bly sheet attached to the buckling
support members,

(U} The sality factor and leading criteria to be used in the design of
he 'vehicle installaticn components were derived., The safety factor
o ultimats matevial sivength and the maximum 2ide leoading fram the
thrust wectrur contrel syztem were specified. To this basic criteria
we e added the reqiirved safety factor on material yield strength and
cotumn buckling load, the n.aximum accelrration that would be en~
countered. the limit load factor to be used in conjunction with these
acceleration, thrusi, and otter loads, and the proof-prescare factor
for pressurized compone..cs. The criteria derived are sho.~ in
ables 12, 13, ard 14 for the 250,0600-pound mcdule, A similar
approach is being utilized for the 353,000-pcund module installations,

{c) Problem Areas and Solutions

(") There were no significant problems or deidays in the appiicaiion
study durine .he first quarter.

{d) Svwmnaery of Planned Effort

{(Uy D

enpine thfdlld“,,.u
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TABLE 12

SIDE LOADING FROM THRUST VECTOR CONTROL

J1

Maximurm Lltitude

Thru-: Tutal, pound

Mechanical

Side Injectic.

1,250,900

254,000

<

1,220,060
2.00G,000

500,000
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TABLE 14

STRUCTURAL FACTORS

Factor
Safety Factor on Material Ultimaie Strength 1.5
Safety Factor on Material Yield Strength 1.1
Safety Factor on Buckling Load 1.5
Limit Load Foctor (thrust, acceleration, 1.6
etc.) '
Prowf Pressure 1.2
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B. TASK 2: FABRICATION AND TEST

1. 2,5KSEGMENT INJECTOR PERFORMANCE INVESTIGATION

(C) The 2.5K segment injector investigation <ffort was designed to
ui.lize the scgmentation potential of the Aerospike thrust chamber for
the aevelopmeant of injector patterns for the 250 injector. Candidate
injector patterns for this program were made available through in-
house and previous coniracted efforts, The primary criteria used to
determine acceptability of a pattern were selected ay:

1. ™ rability

2., re {formance

3. Peak Throat lHeat Transfer
4, Fabricability

5. Stability

Previous effort and ADP analysis indicated that durability at 1500
psi would be a major probiem. The psrformance problem would mani-
fest itself primarily in the low chamber pressure regions. Heat trans-
fer in annular combustors has been shown to be primarily a function of
chamber contour; however, injector effects on throat heat trunsfer
have been experienced and were expected on the ADP effort, Fabrica-
bility of the sele-tc< patterns restricted the choice of candidate injec-
tors to those which could be readily produced for the 25CX injector.

(C) Stability of the patterns was also considered to be important;
however, it ie recognized that the 2,5K segments, representing approxi-
mately one-half of a 250K compartment will probably not support any
acoustic modes, the ncarest mode being the first longitudinal at~ 5800
cps. The possibility of low frequency buzzing could not be discounted,
however,

a., Status

(U) During this report period, the final three candidate injector pat-
terns were extensively evaluated to obtain data on durability, perform-
ance, heat transfer, tapoff, and stability. A total of 102 runs have
been conducted; 101 »uns were conducted thi; juarter,

(C) Based upon thz favorable performance results obtained in the .arly
part of thie quarter with the triplet injector, this injector pattern was
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selected as the pattern for the first 250,000 1b/thrust injector. Data
indicate that the C* efficiency of this pattern will exceed 97 percent
during full throttling and approaches 100 percent above 1000 psia.
Operation was stable over the throttling range of 20 percent to 100
percent, and at mixture ratios of 5to 7.

(C) The triplet, the reverse flow, and the LOX fan patterns have pro-
vided excellent performance. Some buzzing has occurred with the
LOX fan pattern. The reverse flow patterns (both 6U deg and 80 deg)
were eliminated from further consideration when accumulated dura-
bility data at 1500 psi indicated the face of the injector was overheated
and erosion of the ends of the injector strips were severe,

(C) Heat transfer results have isolated the caus. of early observed
heat transfer arromalies and indicate throat heat flux of 52 - 54
Btu/in2-sec at 1500 psi P,. These values agree closely with earlier
theoretical predictions,

(U) Final selection of the patiern for the second 250K injector will be
made early in September,

b, Progress during the Report Period
(1) Method of Evaluation

(C) Evaluations were conducted in the basic 6-inch long by 2-1/8-inch
wide segment hardware described in the First Quarterly Progress
Report. Wheu the safe operating heat flux of the water-cooled segment
(40 Btu/in.2-rec) was approached, auxiliary hydrogen film cooling was
provided in the combustion chamber convergent section to facilitate
duration runs at high pressures. The total hardware available to the
ADP prcegrara for the 2,5K segment evaluation is indicated in Table 15
The cardidate injectors for the 250K injectors were the 60-deg LOX
triplet, the LOX fan iriplet, and the reversed pattern (figure 45, 46,
47, and 48,

(175 The method of approach to injector evaluation was in the order
indicated on Table 15, Low chamber pressure performance and heat
transfer tests were conducted, followed by high pressure runs (1500
psia) in uncooled hardware for 250 ms, Surviving candidates were
then run through additional performance runs over the range of opera-
tion, and heat transfer data are acquired, Bomb tests were made to
check stability and more are scheduled. Buzzing evaluation was made
upon its spontareous appearance anywhere in the pressure rar e of
operation,
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TABLE }5

TABLE OF HARDWARE - 2,5K SEGMENT SOLID-WALL

EVALUATIONS
Injectors® | No. of Units Type

.
-

1-1 1 Stagger fan triplet; 90-deg LOX angle

1-2 1 Reversed flow flat face; 30-deg LOX im-
pingement, 60-deg hydrogen impingement

1-3 1 60-deg triplet (No. 2 Hy post); 60~-deg LOX
impingement

1-4 1 60-deg triplet (No, 5 Hp post); 60-deg LOX
impingement

2-1 1 60-deg triplet (No. 1 H) post); 60-deg LOX
impingement

2-2 1 60-deg tripiet (No. 3 Hy post); 60-deg LOX
impingement

3-1 1 LOX fan pattern; 90-deg relative LOX
impingement

3-2 1 Revised LOX fan; 60-deg relative LOX
impingement

4-1 1 Reversed flow flat face; 60-deg LLOX angle,
80-deg hydrogen angle

4-2 1 60-deg triplet (No. 4 church steeple);
60-deg LOX angle

5-1 1 Showerhead iype; 13 strips; 30-deg LOX

i

self-impingement

*The first number reflects injector body number and the second num-

ber the strip pattern,

L.etter designations indicate basic modifications.
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TABLE 15

TABLE OF HARDWARE - 2,5K SEGMENT SOLID-WALL
EVALUATIONS (Continued)

—

Water-Cooled No. of Tvpe

Chamber Sections | Units yp

Injector mounting 3 347 CRES; mounting block, Chamber to

block injector

FWD body 2 OFHC copper; first water -cooled section

assembly

Spacer 7 OFHC copper; second water-cooled
section

Film cooled 2 Same as spacer with H; film passages

spacer

Throat assemblies 6 OFHC copper; forma throat, convar-
gence and divergence of 2.5K chamber
(water-cooled)

Film--~ooled 1 Same as throat assembly with wall Hz

throat assernblies film passages

15-deg spacer 1 OFHC copper; forms 15-deg convergent
section {water-cooclied)

15-deg conver- 1 OFHC copper; rework of throat assem-

gence throat bly to produce 15-deg convergence

assembly Use with aboves spacer and standard
chamber sections (water-cooled)

Forward body - 1 OFHC copper; uncooled, accommodates

tapoff two tapoif inserts, Interchangeable with
standard forward body,

Tapoff insert 6 OFHC copper - 347 CRES; form actual

tapoff hole configuration

R, B R JB e
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TABILE 15

TABLE OF HARDWARE - 2,5K SEGMENT SOLID-WALL
EVALUATIONS (Concluded)

e e — !
[}
Unccoled Chamber No, of Type
Hard vare Units ypes i
R S S i
{.hamber shell 2 sces 347 CRES; chamber structurzal un- '
cooled sections; forms complete body
shell
Coumbusto: insert 4 CGraphite; uncooled combustion zone
insert
Uncooled throat ‘ 6 OFHC copper; replaceable throat
: section:\.injector durability check
Bombing inszrt 1 OFHC; replaces graphite-mounts
i ! homb for instability testing
L L S

(2) Theoretical Basis and Background for Injeci r Designs

(U} The injector segment work conducted ander Cortract NAS 8-19
providad the background for the injector designs advanced to the ADP
effort, The results ¢f that program showed that the attainment of high
performance witn LOX and Hy propeliants in short toroidal chambers
was solely dependant upon achieving maximum atomization through use
of the potential ~nergy of both the LOX and the H;. The best perform-
ing injector of that study was a LOX fan pattern (similar to one evalu-
ated in the ADP effort and reported in the First Quarterly Progress
Report). In this design, the LOX impinged on itself as a doublet on
both sides of a series of hydrogen orifices, Primary atomization was
accomplished through this process. The atomized LOX fans were then
further atomized through passing intc the path of the hydrogen gas.

(U) Theoretical analysis shows that the same effect ¢f a self-impinging
doubiet can be attained through control of the liquid jet length before
impingement, For a given jet momentum, the jet has a length at

+ hich surface instabilities will appear which le.d to atomization,

T'his characteristic was designed into the basic triplet element.
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Figare 48,

' 0.035 GIAMETER FYJEL |
/_ (24 PER STRIP) £0 DEGREES

: : 0.36%\ 0.1%0
o115 x Y — 40 DEGREES

RO

N\ — 0.031 PIAMETER LOX
(6 PER STRIP)

60-DEGHEE LOX IMPINCING TRIPLET PATTERN

Primary 250K Injector Patterns Candidates
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(U) Theoretical analysis shows that the primary atomisation produces
moean drop sizes on the order of 150 microas. Secondary atomisation
by the hyirogen uader proper impingement produces mean drop sises
on the order of 50 w..crons, Howevar, the attainmeat of this small
drop size requires careful coatrol of the hydrogen jet dynamice. Cold-
flow studies revealcd that the jet dissipates rapidly and if the point of
LOX impingement is toc far away, the Hj escapeg around the combus-
tion field, If the jot is toc close to the point of impingement, tha H2
spreads the LOX fans {or jets) apart and never mixss, Best atomiza-
tion occurs when the H2 jet te LOX impingement distance ie-- 2-4 jot
diameters for the ADP pperation. Thia resulis in ac impingement
distance of ~0 150 mch‘ Thia i2 the distgnca deeigned it!to ths ADP
injectors. The use of this distance and "natcmng the AP to peak per-
furmance has resuited in a nominal 1-173 {5 ¢ percont improvement
Gver the perivymance results obizinsad in the NASS-19 program. '

.
*»-

'} Tha NAS8-19 program was conducted at ~650 pzi, and 5. injector
at ,.ransfer p?oblem was en;.o’\micrei it was expected that injector
nt btwmemomafo 1200 i smiohié —na"\n ?r 2 o v ‘-u-tc-dn -\‘ sl L. i-

u\v’b .A-MOAI‘& L o L ?sl 21T AW “\- ‘ U.‘.ltl ST WA W EA “‘U l
recirculation potential of the GH2/LOX designs. Jet dmmi(. c&lctxh-
tions shcw that as much 2a B3 percen. of the wotal propemnt ﬁow

through the injector will be recirculated in the ADT ab :580 psi for the
;:.-snosed injector designs. Such high recircula*ieon provxdaa an added
basis for high performance but it algo prussnts a potentizl heat face
trancfer problem, The basic apvorosches to the heat face tranafer
problem were considered: (1) use of a rai-ed fusl post to prevent face
recircuiation and also control impingement distance. and {2} uss ofa
face paitern with predominant hydroyen tace cooling. The basic tripiet
paiterns use the ra.sed face, while thn reversu.f{iow pattern provides
for maximwr hydrogen face cooling.

I‘..r“";;

{(U; Thermochemical czlculations on the LOX drops show that below
~1100 psi the drops antually exist a3 liquid droplets throughout their
consumption. Above 1100 ngi, the drone zevidly ris~ tr and exceed
their critical temperature, DBecause of the high contraction ratio of

the toroidal engine combustion, induced turbulence along with GH, jst
turbulence is high and persists. This turbuvlence above 1100 psi results
in rapid eddy diffugive mixing of the LOUX vaper, and, therefore, once
fing atomization is achieved, rear theoretical pesfrrmance ¢ 1 be
expected,

(3) Candidate Fattern Evaluation

(Cy 60 -d LOX Impin Triplet Patterrn, The basic triplet [ attern
consgists o., ) 6hewerhea% !uel stream: {Irom a raised fuel strip)im-

pinging on a 60-deg LOX doublet (figure 45). The purposs of the-raised
fuel post is to place the fuel stream exit point cloge to the point of LOX
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impingemert to obtain good primary propellant atomisation. The post
also acts to prevent recirculation from causing high face heat transfer,

The injector strips sre oriented perpendicular to the chamber cir-
cumference with eight propellant elements per strip. Modificr.dons to
the basic triplet pattern consisted of: ' ‘

1. Addition of fus! biss at fus! 43:!%—“. {incorporited intc 250K

injector pattern)

2. Extending raised fuel strips to chamber wall-square ends
(incorporated into 250K injector pattern)

3. Beveling LOX strip eads (found to be unnecessary with oquaré
and fuel stripe)

4, Intrcduction of fuel biis along sides of injector (found to be
unnecassary)

5. Enhrgng fuel orifices to lower injection pressure drop
{found to be urnecessary)

(C) 20X Fan Pattern with Fuel Post. The LNX fan pattern with a
raised fuel sirip i3 ~.1so ¢ nsicered ac a candidate for the 250K injector
patcern, Satisfactory perfcrmance and durability were demonstrated
with this pattern; howevzr, the chamber throat heat flux was found to
be slighily higher with the LOX frn pattern than with the triplet, The
hot gas tapoff temperature with the selected Z50K tapoff port was con~
siderabiy lower than the tapoff temperature uemg the triplat injector
pattem

{(C} An element cf the LOX fan pattern consists of two pairs of LOX
doublets forming doublet fans impinging at é0~deg abiove a raised fuel
strip {figure 46). Four showerhead fuel stresmis were directed 2t the
line of impingement of the doublet fans. Each set of strips contained
six propellant slements,

(C) Modification of the basic pattern co-n'sistm&., of ‘ei:iai‘giﬁg the fuel
orifices and providing fuel bias of the main orifices at the fuel strip
ends,

(U} The LOX fan pattern with the raised fuel strip was an improved
version of the LOX fan concept tested during the first quarter which
featured 90-deg LOX impinging fans and no raised fuel strip, Severe
burning of the LOX strips was sustained in these tests.
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(C) Reverged Pattern, The reversed pattera (figure 47) was so named
to indicate that the poini of introductivn of propellants was reversed
from that o the other patterns tested (fusl on the outside and LOX in
the center of an element of the reversed pattern}. The revereed pattern
element consisted of & LOX fan (formed by a LOX doublet) impinging on
an 80 -deg impinging fuel doublet. The pattern was placed on a flat

face injector,

(C) Modification of the basic pattern consisted of enlarging the fuel
orifices to lower the injection pressure drop.

(U) Erosion of the strip ends was sustained during high chamber pres-
sure tests, and the face appeared to be overheating to the point of
being marginal.

c. Problem Areas and Solutions

(C) Three problems were encountered during the injector evaluations;
(1) slight edge erosion of the primary candidate pattern occurred on
early tests., This was eliminated by extending the posts to the edge;

{2) heat transfer anomalies were observed run to run, clouding the
influence of injectors and of operating parameters; these heat transfer
anomalies were determined to be caused by sporadic gross surface
roughness caused by deposits of a melted CTF ignition tube tip; retrac-
tion of this tube eliminated this problem; (3) tapoff gas temperatures
with the selected post configuration were exressively kigh, Solution by
injector-biag is being ~tudied for future evaluation.

d. Testing
(1} Test Results

(U) Thrust Chamber Performance, Thrust chamber testing was con-
ducted to evaiuate: (l) performance, (2) injector durability, (3) heat
transfer, and (4) hot gas tapoff. Thrust chamber performance was
determined only for those tests that achieved steady-state cperation,

(U) The performance parameter that measures combustion efficiency
is the characteristic velocity, This performance parameter is calcu-
lated from chamber pressure and from thrust, thereby obtaining a
check on the internal consistency of the data. Characteristic velocity
is calculated frorn chamber pressure as follows:

ok = FeAs

" n
" 1
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where
Pc = injector end cliamoer pressure
A, = geometric area of nozzle throat
_ Ca
g = 32,174 lbm - ft/1bf-gec”
W = total propellant flowrate
= influence coefficient
{C) The influence coefficient n ] accounts for stagnation pressure loss,
nozzle discharge coefficient, heat loss to the coolant water, and ther-
mal shrinkage of the nozzle throat. In the range of ADP thrust cham-
ber operating conditions, n; has an average value of 0,9831.

(U) Calculation of characteristic velocity from thrust is accomplished
as follows:

Y
B

gF
% C

c* ", (2

F
where
F =thrust
CF = thrust coefficient
n, = influence coefficient

(C) In Eq. 2, the infl ‘ence coefficient 12 accounts for thrust degrada-
tion due to heat loss to the water coolant, frictional drag, and nossle
divergence, Th. average value for v, over the ADP conditions was
taken as 1,0344, A complete discussion of the influence coefficients
and the calculation technique for evaluating these factors is presented
in Appen-ix A. ’

(C) Thrust chamber performance data from those tests judged to be
suitable for cbtaining reliable performance data are summarized in
Tabla 16, Excelient agreement between characteristic velocity from
thrust and characteristic velocity from chamber pressurs is indicated,
From Table 16, it may be seen that the triplet injector, U/N 2-1B and
U/N 1-3B (the selected No. 1, 250K configuration), delivers an aver-
age characteristic velocity efficiency of 98.3 percent over the chamber
pressure range of 325 to 973 psia. ”
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(U) Performance results without ragard to mixture ratio are plotted
as a function of P, for both the triplat and the drilled out " DX fan
injector in figure 49, It is observed that both injectors are comparable
in pertormance, with the triplet, perhaps, holding a slight statiatical

edge.

(U) Injector Performance Results at Pressures Above 1000 gsi, A
number c. data runs were conducted on which Iilm cooling wae i
ployed. These runs are in the process of being reduced to obt-au the
injector performance results. The influence of film cooling the thrust
chamber must be factored out to properly evaluate the injector per-

formance. Several techniques are being considered:

1. Include film cooling in overall performance calculation (base
theoretical values on overall flows), vary the amount of film
coolant, and extrapolate to zero film cooling.

Ignore film cooling in performance calculation (ie., base
theoretical values etrictly on injector flows), vary the amount
of film coolant, and extrapolate to zero film cooling.

Treat injector ~ontribution and film cooling contribution as
additive effects to total combustion performance and obtain
injector performance,

4, Perform energy balance on fium coolant and back calculate
injector perf :mance.

{C) Preliminary results show that the range of injector calculated
performance by these four techniques above 1000 psi ranges from 98
to 102 percent for both the triplet and LOX fan injectors; however,

fur her examination of the four techniques is required to determine the
most valid method.

{C) Hot-Gas Tapoff. The feasiuvility of hot-gas tapoff was investigated
in the 2.5K chamber segment. The objectives of the tapoff tests were
to determine the dependence of chamber pressure, mixture ratio, and
tapoff geometry on the tapoff temperature with several tapoff variations,
The configurations evaluated to date are indicated in figure 50,

The first design was a single-hole configuration and the second, a two-
hole unit, both units designed for a tapoff exit velocity of a Mach num-
ber equal to 0,2 for a nominally 1500-deg F fuel-rich gas, The tapoff
temperature as a function of chamber pressure is shown in figure 51
for both of these configurations. The first test results indicate an
increase in temperature with increasing chamber pressure and in-
creasing mixture ratio (5 to 7)., The third configuration under current
evaluaiion is shown in figure 52, This configuration straddles the
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injector pattern ag shown ard is derigned to provide for a more positivz
flow of fusl-rich gas thaa wore tha firet two Wﬁﬁm Should

thie configuration indicate strong P, and MR & ¢, alse, local
mixture ratio control in the vicimtyofﬂm tapoff holes will be built

into the injector strip by providing GH; jets sized and directed into the
tapoff sone, Five initial gas tapoif tests were judged to be suitable for

" determination of meaningful thrus: chamber performance. These were
tests number 089, 091, 092, 093, and 095, all of which utilized injector
U/N 1-38, Gas tapoff cenﬁguration and imtrum&nt locations for thege
tests are shown in figure 53 and 54.

(U) The gas tapoff thrust chamber data reduction was accomplished in
three steps, First, the oxidizer and fuel flowrate through the injector
was determined., Second, the gas tapcff flowrate was c2iculated, and
uanally the net tnrust chamber flowrate was caiculated by taking the
difference between the injector flowrate and the gas tapoff flowrate
gas., Tapoff was evaluated as degcribed in Appendix C,

{C} Gas tzpoff flowrates were deducted from thrust chamber injector
flowrates and adjusted thrust chamber performance was then deter-~
mined. These data are presented in Table 17, and it may be seen that
the results for tests 089, 091, and 092 are in excellent agreement with
prior data for this injector. The adjusted results for tests 092 and 093
are subject to some queutlon due ¢o an indeterminate GN; purge.
Additional tapoff data are in process of data reduction, and additional
tests at higher chamber pressure are planned, -

!{C) Stability. Related cxperience with prcpellant injecticn pressures
less tha IG‘ percent of chamber pressure have indicated that careful
attenticn must be given to the injection, combustion, and feed systera
characteristics to avert the occurrence of low-frequency instability,
In throttling to 20 percent of rated thrust, the selected triplet injector
pattern w:ll experience an oxidizer side AP of 15 psi (5 percent) at a
chamber pressure of 306 psi {figure 55). Furthermore, a mathemati-
cal anzlog of the test stand and 250K thrust chamber (discussed in the
250K nozzle test preparation section) indicated possibility of low-
frequency modes of oscillation with certain assumed feed system and
injection characteristics, Accordingly, stability as well as perform-
ance waz evaluated with the 2,5K segments over the throttling and
mixture ratio range,

(C) The trir et injection pattern (U/N 1-3B), which will be utilized for
the No. 1 250K injector assembly, was throttled from rated chamber
pressure of 1500 psia te 300 psia without evidence of combustion
instability. This evaluation consisted of 13 tests in the 300- to 600-
psia chamber pressure range where the nominal nxidiser injection
pressure drop falls below 10 percent of chamber prussure,
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.\ TABLE 17 |
ADJUSTED C* EFFICIENCIES FOR GAS TAPOFF TESTS

oot | mjector P?:‘;T:::. pfo‘w";ﬁ.. 'ﬂg cs
* peia 1b/ sec

089 | U/N1-3B | 609 0056 561 | 0,972

091 | U/N1-3B | 387 0037 5.56 | 0.966

092 | U/N1-3B | 506 0043 5.91 | 0,962

093 | U/N1-3B | 685 6565 | 6.02 | 0,992

095 | U/N1-3B | 688 5058 6.38 | 0,982

(C) Another 2? tests with the triple: injection pattern have demon-
strated good s »oility characteristic in tae 600~ to 800-psia chamber
pressure range. The nominal fuel : -jection pressure drop remains
greater than 20 percent of the char .er pressure value throughout the
throttle range.

(C) Instances of low-frequency buzzing were encountered with both the

reverse flow (U/N 4-1A/B) and the LOX fan triplet (U/N 3-2A) injec-
tora., With the reverse flow injector, the buzzing occurred at frequen-
cies near 200 cps with occasional 300 cps. The amplitudes were kigh
at 300 psia ( 100 psi peak-t~-weak) and diminished to being nearly
imperceptible at 1500 psia). The LOX fan showed occasional low-~level
buzzing in the 600- to 900-psi range at 2 much lower amplitude.

(U) Efforts were made to isolate the facility propellant systems from
the chamber through placement of the hydrogen sonic flow venturi at
the injector and adding as mucu as 1000 psi AP on the LOX side direc-
tly behind the injector, Neither of these changes particularly affected
the observed busz frequencies or amplitudes, and it was concluded that
the frequencies must be primarily injector driven and sustained,

(U) No 'bomb" stability tests were conducted during this quarterly
report period. '

(C) Overall Durability Rasults, The most durable injector of the
three injectors is the LOX fen injector which appears to run extremely
cool. The reverse flow injector not only experienced edge buraing
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(C) The triplet uait experienced some edge W  of the LOX mm

§ - with no burning or cverheating of (he core of the injector. Two

£ o . wers taken to ¢orrect this., The LOA #%ips were b shed st W dges

L " to immow heat transfer cooling, and tha hydx tanded to

3 the edge of the chamber to prevent sdge recire To e the

) effécts of the two changes, one side of tha in;am wx Mw m-, Thl

i beveled arnd the otlier half left as befors. The hydvogen _
tended on both ends. No srosion cecurred 1. repeRis Ly .
was concluded that recirculation past the grevioush um m .

' post had yesultad in the LOX strip burning. The extended hydrogen
post has been incorporated into the design of the number 1 250K injec
tor unit, This results in an added future ‘of simplicity by rcmovmg
one muchining opcratioa.

P SR T Y

(C) Im ecm: Premm Dr it Charactai stics. 'l‘hc i 'ﬁmr pr&;mg
drop che sticy for the No, R configura N 1-3B; are
shown in’ figurc 55 tné 56 for hcth wx aid ient tempera~
L. ~ ture. The data correlats guite well against ﬁm iraiititer pAP, indi-
2 cating that the hydraulic characteristics are well-belsved over
: - operating range. The expectad 250K apeuﬁng cod&im are iw‘cm:!
T, : below:

; 250K Injector Pressure Crop Summary
' § LOX Side P, AP
1500 375
s | 300 15
- H, Side* B AP
g § 1500 375 *60
300 75

o R

*Design data based upon hydrogen temperature available
at injector,
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(U) Heat Tranafer Results. To obtain heat transfer data in the 2,5K
solid=wall u"‘ﬁoni efiort, a water-cooled chaniber is utilized as
described in the First Quarierly Progress Report. This chamber is
provided with coolant passages as sliown in figure 57 with letter desig-
nations indicating passage location, T.e water flows into the passages
are measured, and the bulk temperature riges indicatsd by three els-

; ment chromel -alumel thermopiles. Primary emphaeis is placed on the
: nozzle contour passages, The method of data reduction is outlined in

(U) The reduced throat heat flux values are indicated in Table 16.
These .alues are subject to additioral interpretation to obtain expected
peak throat heat flux values ior tha ADP operation. Early in tke per-
formance program it was observed that certain throat heat transfer
abnormalities were occurring. Repeated firings under identical oper-
ating conditions of mixture ratio and chamber pressure indicated
nonrepeatable heat fluxes. The general characteristics observed were
that the heat flux increased from one run to the next run. A number of
hypotheses were postulated for exploration of this pheanomena. These
included corrosive attack of the copper chamber by the CTF ignition
tecanique, thermai mechanical roughening of the contour gsurface,
gross injector effects, and a segment contour mismatching disrupting
the boundary layer,

- {(U) For ease of interpreting the resulte, the heat transfer data was
reduced to a dimensionless Stanton and Prandtl number parameter,

2/3
Ngr Np,

and thie param_.er was plotted as a function of rur number for a series
of runs during which various specific surface effects were investigated.
Particularly, it was observed that the throat surfaces appeared to te
roughened after a series of firings, Following the hypothesis of sur-
face roughening through CTF ignition product attack,the throat was
electroplated with nickel on one side and mechanically smoothed on the
cther side, a number of times, The results are indicated in figure 58,
It is observed that the Stanton number parameter increased more
rapidly on the uncoated side than on the coated side, The limiting
values coincide. Also of interest is the fact that the act of simply
smoothing the throat resulted in a decrease in heat flux, The nickel
surfacing did not appear to solve the problem.

{(U) Further analyvis of the data indicated that the increase in heat

flux from run to run appeared to take place in discrete jumps rather
b than in a smooth manner. This led to a hypothesis of the effect being
. caused primarily during .gnition.’ Two long-duration tests were
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conducted to determine if this was so, and the resuits are given in
figure 59, It is observed that a large increase in heat flux was incur-
red, and it apparently was associated with ignition,

(C) . t this time a chemical analysis was conducted of the roughened
thro . surface, and it was found that the deposits were primarily nickel,
Further close examination of the nozzle contour and throat surfaces
showed that the rougherning effects could not be described by distributed
roughness, but instead would best be described by discrete surface
protuberances. The CTF tule used as an igniter tube in the injector
face was found to be pure nickel znd the end eroded 1/i6-inch to 1/8-
inch behind the injector face. This small amount of eros. ' was found
to be sufficient to account for most of the deposit coverage of the throat.
To eliminate further difficulty, the CTF ignition tube was retracted to

a position 0.125 to 0.200-inch behind the injector face,

(C) With these results in mind, a series of tests with a cheom= plated
(0.0005 inch) throat was conducted to determine if reproducibility of
heat transfer data could be obtained. The results are tabulated below
for both the triplet injecter and the LOX fan injsctor both as raw data
and as normalized data ‘o one common operating point, .

LOX Fan Injector  Triplet Injector

Run No. JUL S U P T
P_ (psia) 639 649 635 59
MR 5,14 5,87 5.63 5,35
Qlag,. 316 30.8 2.3 210
Normalized G/A 29,7 30,2 2.8 - 28.3
(a.t 6.0 MR and -
650 Pc)

{U} Run number 118 was a run at nominally 600 pei, but instrumenta-
tiop read out ir the throat was lost, Runs 119 and 120 were nonducted
at 300 psi with repeatable heat flux, Run 122 was a nomivally 1000-psi-
ran, This series of runs were considered to be as severs a test of the
ignition hypothesis as could be uevised in the hardware, Tie nominally
600-psi runs with the normalized values to a MR of 6.0 and a F, of 450
psi indizate that the previcusly observed run-to~run increases in heac
flux had beern eliminated,
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(U) Itis ucted here that these heat fluxes are highar mn tho resuits
for a smoou: contour. It was found that this particular firoat contained
flats in the throat region, The resuits, however, sazve 1o prove thet
burning of the CTF tube tip was responsible for the incrossed heat
fiuxes, Of interest also is tha fact that the chrominm plate was virtu~
ally lost on the first two runs of tha series and cannot be cw%ﬂ&u
a part of the improved heat flux bahavior.

{(C) To obtain a true cempnmson and prediction of the heat fuxes for
the candidate injectors only data for kxown smooth contours sbould be
used, These include data for plated tkroats and thace tases where the
throat was purposely smooithed, The chromive-plated thriat was
smoothed after the above-dizvusse ! series of rursy to 2liminate the
flats and utilized to obtair additional heat transfer data. The resgults
obiained to date are showe in figure 60 for the copper segmant Az &
fuaction of total flowrate, The slata correlats guite well and show an
average prediction uf 5¢ Btafin.f-sec at the ADF cperating canditions,
Reduction of the data to effective Stanton :zumtars shows that the ADP
: heat flux ir: the stainless steel ckanger will be 5% to 56 Biufin. S-pec

1 with an ave-igs value of 54 Btulin ~-s3¢,

(C) B, Injector Tap investigatior, The 2.5K ﬁﬂ&d«%ﬁ. sagmm sarg-
ware 18 pﬂ‘nvzd»é iﬁ: three pressurs taps, two in the chuumber gide
wall appmmmatelv 0.5~inch downstream of the inisctor face, aus doe
unit located in ie injection face, It has been olzerved thet the injeetor
tap readout is alwn?s about 0.5 10 1,0 perceat leys ihaw the side wall
- umits, This is ngomm to instrumenting the 250K isjector in'ths tube
S wall chambher gince in this unit instrumentation for F. data acqaizition
. cxn only be pisced through the imjector., The mjﬁmﬁm velocities of the
e - hydrogen {1200 to 2000 fps) result in aspivation of the P, tap fmo pro-
. vigion iz made to sllow for diffusive effzcis around the :ap, A short
mvmﬁga"wﬁ cami:x;md in the 2.5 effort showed the configurstion
shows in figure &1 to be adequate to reducs tha aspiration effect 0 3
neghgzbiﬁ salue,

IR,

{Cy Summa.rg &annﬁ of Landidaie Injectors. Based upon resuits ob-
tained to date, exciusive of mpuff regalta, the three candidate injectors
- may be rated as indicated in Table 18, Alse included i3 2 raiing based
' upon fabricationability which includes cost. The summary racing

. ~ indicates the triplet as an overall cuperior injector for the No, 2 can~-
S didate injsctor, Fipal reduction of dats along with tapaff duts will be

g wased tx make the final selection,
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TA®LE 18 .
NO. 2 250K INJECTOR CANDIDATE SELECTION RATING

oat T
Perfc. mance Face and Durability Fwty Wakitity
Throat -
Triplet 1 | 2 S D I
Reverse ; 4
Fiow. 2 2 3 . 2 _ %)
Lox 1 3 1 3 2
Fan

e. Summary of Pliuned Effort for Next Q iarter

(C) The priinary experimental activity wi'i be completed early in the
quarter, Other experimental activity witt the 2.5K solid-wall segment
will include tapoff runs to 1500 psia, seve.al selected bombing stability
runs on the selected No, 2 injector pattern, aad, if necessary, sup-
porting effort for the 250K injector in che fourth quarter. Complete
reductioi: of data will be accomplished early in the next quarter to
finalize the results. The No. 2 injector patiern seilection will be mads
early in the report period based upon the fina! data analysis,

2. THRUST CHAMBER COOLiNG INVESTIZATIONS

(C) The thrust chamber cooling investigation coneists of an evaluation
of the regeneratively cooling limits for the Aerospike chamber, a de-
termination 3f the operating pcint for a cyclic fatigue life of 100 r:usges
and 10 hours between overhauls, a selection of a tube materisl o cool
and meet the life req.irements properly, and a prediction of the cyclic
fatigue life of the selected material, These objectives are being mos
by a combination of heat transfer analysis, stress and materials
analysis, materials laboratory e#valuations, a tube tester sirmulating
hot-fire conditions and actual hot fire of 2.5K tube-wall segments.,
Three matexials were initially to be ¢ valuated--stain.ess gteel, copper,
~nd nickel, The limits of regeneratively cooling will e evalusted on
the 25K hot-fira segments. The fatigue life of the varicus materials
and, therefore, cf the selected material, are to be e aluated throughk
the co.nbination of the analytical effort and experimental results.
This combination is further checked by comnparison to lifc results on
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¢vrent thrust chambers (7-2). The 2,5K segment has previously

pr “ved itaelf as an effective test unit for combustion and cooling
anb stigations.

a. Stotus
(U) All design effort on these segments has becn completed and re-

leased for fabrication.

() The hardware fabrication status is as follows:
Nic'.el Tubes -- Completia and ready for braze assembly
Copper Tubes -- Complete and reidy for braze assembly

Injector Support Block -~ first unit being nickel plated; second unit
in finas .nachicing

Throat Support Beamns -- Completz and ready for braze assembly

End Plate Assembly (See figure 62) ~- first set complete and
ready for braze assembiy;
sedond set being furnace

brazed
Exit Manifolds - Machining complete, being nic'el plated

Agsembly of the nickel chamber {figure 63) began during the iast
week of the quarter.

1]} This effort which was dirc-ted toward the evaluat.. n and seiection
oi .ong-life tube me*terials has been completed, This effort included
an initial material sgslection based on analysis, material teats intended
to develop fatigue an? mechan’~al property da‘ﬂ:at;e and a review of tha
literature and conduct of basic studies,

{U} As 2 result ox this effort, ihe tube materisi and 2 manufacturing
process cycle for the demonstrator segmei chrust chamber has been
selected. In addition, two very promieing long-range tube materials
have been chosen,
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Figure 63. Nickel Segment Brazed Aseembly
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b. Progress During the Report Period

(1) Design

3
[
H
1

As reported in the First Quarterly Technical Report, three 2,5K
chamber segments were designed to accommodate 347 CRES nickel 200
and OFHC copper tubes, Based on further material evalua.w. s
reported in a later section of this report, stainless steel was <liminated,
anc ouly the nickel and copper segments will be fabricated. The
geometry of the combustor will be the same as that for the demonstrator
module,

(2) Fabrication

(U) The final design, shown in figure 64, consists of a brazed assem-
bly of tubes, forming the contoured walls; copper end plates, -vith
drilled coolant passages; a 347 CRES injec*ar end block; and 347 CRES
exit end manifolds. The brazed assambly is reinforced by a 4130 steel
backup structure bolted in place, Transfer of loads from the tube stack
to the bacaup structure is through a bearing block belilcd to the backup
structure and making intimate contact with the tubes through an epoxy
and glass fiber filler.

{U) Drawings of all detail components, as well as braze and chamber
assemblies, werc completed and released for fabrication, The fi-st
nickel assembly "nit began during the last week of August, The _al-
ance of the componenis backup structure, manifoids, and inlet ana ~ut-
iet tubes are in work and will be completed in time to sugport an
estimated completion of the nickel segment early in October, The
copper segment will follow by 2 weeks,

{3) Ccoling Limits

(C) A study of the heat flux capability of meaterials, OFHC cupper
{0.020 inch) and nickel 200 {0. 013 inch), showed that the heat flux
capability of these materials was in this order indicaied. ~opper being
the best. The results are shown ia figure 65 and 66, For the nurposes
of this studv, a co-lant bulk temperature of 450R was used (*.is
approximates the anticipated value in the outer body throat o1 «ue 250K
thrust chamber), and a tube raugh;xesa of 50 micrcecinches was assumed.
“oolant mage velocity ~* 11 1b/in. ~~sec is based on a coolant Mach
nurnbe. of about 0, § for 450R and <200 psia (totzl pressure) hydr: zen,

{C} The results for nickel <U0 indicate it can conduct viin a 1600F wall
temperature, a heat flux of 44, and 60 Btu/in.2-g=c tor curvature
enhancements of 1,J and 1, 75, reapectively, 7. -2, nickel 200 ¢~
operate at conditions of the engine currently being designed which has
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Figure 64, 2.5K Tube-Wall Segment
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5 QA = 70 Bru/INZ - SEC 4
'.02/“2' MR = 5, - - , = ],\6

2000 | COOLANT Ty = 450R,
€R = 50 MICROINCHES,
MASS VELOCITY = 11.9LB/IN.” - SEC

1.75

1000

GAS-SIDE W2 _L TEMPERATURE (TWG)’ F

a2
GAS-SIDF HEAT TRANSFER COEFFICIENT <hg)' Bt /IN.” - SEC - F

Figure 65. Cooling Limit Results for u¥HC Copper
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66.

Cooling Limits for Nickel 200
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a curvature fac;ox of at loast | 9% ?5 It i| noted tiat nickel 270, dus m
ity somewhat higher con f’uctivity, would cspeute at io\nr mll
temperatnre. ) :

{C) . C‘»opzer aonduction c;pabﬂi&v usin tho mmadmg tampsraturc of

about 990F is 40 and 67 Btu/in. ©-sec for the range in curvature
examined, Thus," copper can also handla the mﬁczpahad throat heat
tluxes.

(C) The temperatures indicated are typical of what would be expectcd
in the outer body throat region. The inner body will operate at lower
wall temperatures because of the more de=irahle hydrogen coolant
temperature existing in the inner body throat region {200 to 250R),

(4) Thrust Chamber Materials Investigation
(U) To utilize all available Rocketdyne experience, a survey was made
of all regeneratively cooled production thrust chamberas to study their
life-limiting precesses, Particular note was made cf the J-2 liquid
oxygen-hydrogen thrust chamber life bistory, This survey ied to a
summary of thrust chamber life-limiting processes as given below:

Axial Tube Splits Cause Rapid Failure

Hydraulic pressure spikes can burst tubes,

Hydraulic pressure can burst tubes if steady stress at high
temperature causes creep,

Either of the above failure modes are aggravated by oxidation-
erosion which thins the tubes wall,

Transverse Tube Microcracks Cause Gradual Degradation

Cyclic thermal strains can cause plastic flow which eventually
results in transverse tube microcracks,

These microcro~ks are not self-propagating and are clesed
during steady-state operation.

(U} A materials evaluation and selection effort was then planned to
provide *the critical data needed to select a long-life, high-performance,
fabricable tube material,

The logic flow diagram for the material selection program is
shown in figure 07,
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- Hidstes was made., The original candidate materials which survived

. (‘}i Iin ﬁm second quarter, the oxidation-erosion studies, diffusion
fayers and coatings studies, brzsze and heat treat process studies, as

o e o e e e s

133) 't'e» sedect s moi ew&m tube matexials, - o pn

to uiilis> basic snalytica mw to screea 3 bragd rengs
dx. AMnuoﬁi{*”’f‘w stic strain ansiysiss Snalyl
. predicted fatigue Hagram aa;dwﬁ.ht snalysis were ubed to ¢
pmdcaﬁm mterisk

ﬂ] Tha caadidate materisls thus selected were then the subject of
preliminary studies in processing, availability, and cost. As a result
of *hese preliminary studies, a further screening of the original can-

the preliminary screening are shown in Table 19.

{U} The first quartsrily progress report described the results of the
material property literature survey. Derivation of the plastic strain
analysis was also gi\ran,. and is summarised in Fig. 68.

weil as the fatigae screoning tests, and ductility screening tests were
completed, The creep scrsening tests and surface protection screen-
ing tests were remcved from the materials selection program because
the resulis of the initial studies indicated they would be premature and
psrhaps unnecessary. Some tube simulation fatigue tests have been
accomplished.

{U, A separstely funded tube-tapering feasibility program was also
completed and the results were made available for the material selec-
tion program. The materials evaluated in this program were tvpe 347
stainless steel, nickel 200, nickel 270, and OFHC copper, These
materials were experimentally tapered to ADP tube dimensions and
tolerances, Inspection of the finished tubes yielded an initial estimate
of tube *apering confidence with regard to process time, tolerance
control, lubricant contaminatiou, and the effect of inclusions in the
material,

(U} No major difficuities which prevented the successful collection of
adequate data, were experienced although the tube simulation fatigue
test facility experienced some high-power-level-run problems. This
prevented the collection of tube-tester fatigue data on nickel and copper
tubes in the second quarter,

(U} The oxidation-erosion studies revealed that from strictly thermo-

dynamic considerations, copper and nickel should not c<ddize in a
water vapor environment,
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Axial Plastic Strain, ¢

Tangential Plagtic Strain, p

‘ o 2 [Z
Effective Plastic Strain, ¢ =
L Petfective /3 \/'Ptanu

C*clic Plastic Strain

Appearance c: microcracks

. Where % = Heat flux, K = thermal conductivity, ng- = Gas Wall

Ny

L

it

1
.

Temperature,

Coolant vulk temperature, v = Poisson's ratio, cy = yield atruss

Elaatic modulus, C = experimentaily determined, temperztur~

Dspendent number k = experimentally determined exponent

= No, of engine starts before numerous tube cracks appear.

Figure 68, Plastic Strain Analys, -
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U) . With excbw hydrogen in tha w;ter Vagor, com: e

nickel should no - oxidize, even under tue flow . qﬁd.,ti & =

of ADP thrust chambers. 't seems probo de théu,” that the oxid

erosion probier i, if it &pReais,’ eqa‘utexzs a,‘ca.nd wrh prac'm:kl cew-

siderations as nopuniform riixtury '%h &smmutma. aqcﬁadnr:e

perturbations in tube tem; nratuve. ™ The

mined by tests, ani are characterigfic oa,,‘,mjc;:tgn fowign, atart

sequence, thcottling range, aud Gthﬁr > 8 R0 Awmm Oﬁ'actr g
. L o A e ey

(U) . The mffus;on lay‘ers and co&hngs 'stuﬁies were ms:end"ed to rove‘l

those state -oi-tle-art pricessés whith m‘Igl"" be a,’ phod to nickel or

copper iubes to enhance their uxidativn-erosion resistance.’ Two dif- .

ferent approaches were explored, Studies mdmated that brase alloy
wetting may increase the oxidation registarce 'of nic'tel and copper
since thesc¢ alloys are essentially comj ~sed of nqole 'uetals, A con-
current literature review revealed the existenég oiaeveral state-~of -
the -art intermetallic diffusion processes which wepld be afplicadle to
nickel and possibly copper. Diffusions of alumimxm appear particularly
attractive because such diffusions reputedly have duciilities close to
that of the base metal. Other diffusion systems in current use employ
chromiu.n and aluminum-chromium cumbinations. All d;"f*xswn coat-
ings would adversely affect thermal cr ;ductivity to son.e d: gree., The
sigmficance of this degradation couid ' uly be determinca % heat
transfer tests and analyses, '

(U) As a result of the oxidation-erusiun and diffusion layers and coat-

ings studies, a decision was made t0 wiiminate the surface protection

screen’ ng tests until a firm reqm.rc mant W estabhshed by hot- fxring
tests. -
{U) The mechanical propes.y a 1d ductlity .ests-were simplp te.sile
tests on rod and ADF tube specirnens, both ‘in the annealed cm‘htxon,
and were also processed in ¢ way s Lo 0 an AI)P iurndce brazed . |
tuve. Tests were conducted at room temperaturce in air and also at
elevated temperature in an argon envirdament. The resu'" fthese
tests are shown in Table 20, Some amgmf:cant fmdangs fein, these
tests were the excedsive ; low yvield stress ~f nickel 270 and ‘ae effects
of grai size on the tube matdrials’ =ppaxent tensnle properues. The
grain structure of nickel 200 and 270, OFF.( cupper, and beryllium
-opper No, 1) prior to brazing a1 poqfhr....ung 35 shown i in figure 69
through72. Al exc ayi. sae:Cu~de N, 10 a‘c ' ._ular specn;nene,

\a
Itis nole pparent from nuohsmq dm.a nor S Jhe fatigue results
‘reported here thit large grains Lave a dele.crious eficct upon life,
However, where the grain boundp cigs exiend completely acacse the
tube wall as BhOW»L Ifigure o9 wmrangi 77‘) for u1cke1 270 and OFHC
copper, riechaniz-~l behs vior be‘.om 3 c'Ta . a.nd mterg*anular pene -

"tra.honm romahnnmxts becames more ha ‘a\uons.

[
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Bor Bleck Sensile Proparti

s Test ] 0.2 Pereamt | m Percent’:
i Tompwrature, [ Yield Stasngth, , Tield | i
.3 Material| Condition r pod
4 ¥i 200 | Awnealed » 21,0
i Ni 200 | Brased & T 20,300
4 KL 200 | imdealed 1400 6.500
Nt 200 | Broved 1400 6,100

: 21,700
3 ¥i 270 | Brased » 14,600 16,%0

: N 270 | Asmesled 1400 3,000 3,600
Ki 270 | Rrased 1400 -

OFiC Aomealod * 10,360 11,900 30,000 8.0
OFBC Brased * 8,300 3,400 900 P ALe

Tubing Tensile Properties

i
' : Elongation Uniform locai
Test 0.2 Percaat 0.% Farcent Ultingte {1-Iaeh Beduction | Reducticn
Temperature,| Yieid Stveugth,| Yinid Strengvh, | Strwugth, | Gege Length)| of irea, |of Ares,
Material] Condition F pad pai pei percent porcent rerosnt

Ri 200 | Apnelaed * 20,500 22,700 73,700 34.0 46,2 95.0
Ni 200 | Braved * 9,50¢ 1%,200 50,900 28,2 27.8 95.0
Ni 200 | Anwealed 1460 - - 18,200 80.0 79.9 93.0
Ni 200 | Brazed Lawy 7,100 7,900 12,100 1.4 18.9 18.9
Ni 270 | Braved - 4,500 6,200 37,900 25.0 29,6 95,0
Ni 270 | Brozed 1400 4,500 4,800 8,600 25.% 19,4 50 to Yy
Ni 270 | Binder 1450 5,700 5,900 9,500 24,0 3.4 90 to 99

Brazed

Without

Vaciaum

Mi 270 | Binder 1400 4,400 5,000 9,100 25.8 7.9 99.0
Brazed
¥ith

Vacuum

OFHL Anpealed * 6,100 7,400 32,700 - - -
OFBC Brazed * 4,500 5,600 26,200 18.6 24.0 99.”

*Roow Temperature
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(a) OFHC Copper Annealed
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omparison of OFRC Copper Pube frain Sise in the
Annealad Condition and After E£imulsted ADP

Braze Cycle
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(U) As a result of these tests and posttest metallographic analyses,
further investigations of the effects of grain size on the mechanical

properties and fatigue life of nickel 200 in the furnace brazed condition

were conducted,

{U} The braze process and contamination studies and tests were in-
tended to define initially propesed furnace step braze cycles for each

candidate tube material,

These initially proposed braze cycles were

then applied to test specimens to determine the alloy wetting and flow
characteristics, and to determine any tendencies for the braze alloys
to induce tube alloying or intergranular penetration.
these tects are shown in Tables 21 and 22,
indicate that while nickel 200 and 270 apparendy may be successfully
furnace brazed with current tecknology, brazing of the OFHC and

beryllium copper is limited by tendencies of the common braze alloys
to dissolve part of the base metzl,

The results of
The results of these tests

U} The mechanical strain z" elevated temperature fatigre tests were
designed to simulate the strain cycle experienced by a thrust chamber

during the start and shutdown sequence,

These tests were run at con-

stant elevated temperatures, and utilized rod specimens which were
axially strained. Materials in the anneaied and furnace brazed condi-

tion were tested. The plastic gstrain analvsis described previously was

used o predict the equivalent axial straing which each material would

expericace as a thrust chamber throat tube,
temperatures which represented the maximum predicted tube gas wall

ternperature for each material. Tests were also run at a reduced

These tests were run at

tzmperature known to reprasent a condition of minimum ductility for

ecach material, All teste were rur 1 an argon environment,

shows a surmmary of the test conditions,

15

e

antomatic equpment,

tests ave shown in figure 73,

Table 23

Y A record of each load-~strain cycle was continuously printed out by
Typical load strain cycles recorded in these
The unsymimetrical curve developed atter

a large number of cycles represents the lead-detlection belavior of

the progressing fatigue crack aliernately stresscd in tension and com-

pression., As the crack grows, the fensile load~carrving ability de-

creases zo gtialn remains constant,

rechaigue for vevording erack procyession,

srovidhing

-
@

convenient

{1y While it is <ustomary in tests of this nature to report the number

of cyoles to complete fraciure, a move meaningful technique was used
which pave a measvre of the development of internal fati
as well as the conventional cyciic life,
the ratio of maximumn cyclic tension -- compressica loads 1o the speci-
men va the number of test cycle~, Thesge load valles were obtal
from the load-strain nysteresis toops,

GONFICENT:A
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as ~hown in figure 73,

zue damage,
This was obtainea by plotting
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TARIE 21

BRAZING FEASIBILITY TESTS, NICKL 200, §

Braze Vi;
Tubing Braze Filler Tewperature,| Braze |<w——i
Material Metal F Atmosphere Veé
Nickel 200 | 90%Ag-10%Pd 1975 Hydrogen t
and (RB0170-062) i
Nickel 270 _ 3
82%Au-18%Ni 1800 Hydrogen i
(RBO170-064%) )
N0FAg-5hPa-2% 1800 Hydrogen &
Cu-1%Ni ;
(KBO176-105)
72%Ag-28%Cu 1500 Argon* t
(AWS, BAg-8) f
60%Ag-30%Cu~ 10%Sn 13350 Argon¥* 3
(Handy and Harman
Braze 603)
61 3%Ag-24%Cu- 1356 Argou* q
1. 5%In
{Handy and Harman
RBraze 615)
Beryllive | 62%Cu-35%Au-3%Ni 1900 Bydrogen ¢
Copper (RR0170-065) :
50%Au-50%Cu 1800 Hydvogen*|
{Handy and Harman '
Premsbraze 402)
70%Ag- 28400 1500 Argon®
AWS | BAg-8)
; i}();%'a_-&q»n_‘ﬁ()jﬁ.‘vu—-riﬂ%Sn 1350 Argout
© i Donuy and Haroman
: Braze ©0%)
Lo, A - 1540 Argon®
{ 14, %I
{Hendy and Horman
IR, ’v;“)'}

YRivg appised be apetimens




1S, NICKEL 200, 270, AND BERYLLIUM CCPPER

Microstructure Examination

, Intergranular
| Braze |—isual Examination|  p130yin, Penetrasion,
§ Atmosphere| Wetting Flow inch inch

fydrogen
Hydrogen

Hydrogen

Argon*

Hvdrogen*

Hvdrogen*

T TUSTNEANTER e

Arprn*

Vpgon®

Arzun®

3

I

Cood

Good

Good

yood

Good

Good

fjoud ]

o
Goad

fris0d

Gaood

Good

uood

Fair

Geod

Good

" 0.001

< 0.0015

< 0.001

< ¢.00]

Grain Bsundary

0,006

0. 003

0,094

0.00%

< 0.001

< 0.001

< 0.00}

< 0.001

Melting

< 0.00]

< 0,001

< 0,001

~ 0,001
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TAME 22

BRAZING FEASIRILEYY ¥RSf

Braze ’ Vi

Tubing Braze Filler Temperature, Braze
Material Metal F Atmosphi.e | We
OFHC 624%Cu-35%au-3¥Ni 1900 Hydrogen
Copper (RB0170-065)

50%Au-50%Cu 1800 Hydrogen

(Handy and Harman

Premabraze 402)

72%Ag-28%Cu 1500 Ar; a*

(AWS, BAg-8)

60%Ag-30%Cu-10%Sn 1350 Argon¥*

(Handy and Harman

Braze 603)

61.5%Ag~24%Cu 1350 Argon* i

-14.5%In i

\ilandy and Harman

Braze 615)

*Flux applied to specimens




TABLE 22

IBILITY TESTS, QFHC COPPER

Microstructure Exemination
Intergranular
Braze Visual xamination Alloying, Penetravion,
tmosphere | Wetting Flow inch inch
drogen Good Good 0.0056 < 0.1
drogen Good Good < 0.v01 < 0.0
Ptgon* Good Fai: 0.002 < 0.0
prgon* Good Fair L. 0015 <0 091 .
*rgon* Good Fair 0.002 <o0.cm
¥
 S——

1o
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TABLE 23

MECHANICAL STRAIN AT ELEVATED TEMPERATURE FATIGUE TESTS,

SUMMARY OF TEST CONDITIONS

Alloy 10

1

Properties

163
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Cyclic Test
' Strain, |Temperature, | No. of
Matericl Conditicn in./in, F Specimens
Type 347 Stain- | Annealed, 1975 F 0.0360 1650 2
less Steel
Nickel 200 Annealed, 1550 F 0.0257 1400 2
Nickel 200 Annealed, 1350 F 0.0257 1100 2
Nickel 200 ADP Step Braze Cycle, |0.0257 1460
1975 F
Nickel 200 ADP Step Braze Cycle, |0.0257 1100 1
1975 F
Nickel 270 ADP Step Braze Cycle, |0.0257 1400 2
1975 F
Nickel 270 ADP Step Braze Cycle, |0,0257 1100 2
1975 F
OFHC Copper Annealed, 900 F 0.0134 750
OFHC Copper Annealed, 900 F ¢.0134 500
OFHC Copper ADP Step Braze Cycle, |0.0134 750
1600 F
OYHC Copper ADP Step Braze Cycle, | 0.0134 500 1
1900 F
Beryllium Copper | ADP Step Braze Cycle. | 0.0098 750 1
Alloy 10 1800 F
Beryllium Copper | ADP Step Braze Cycie, | 0.0098 509 1
Alloy 10 1800 F
Deryllium Copper | Heat Treat to Jdpiimum | 0,06098 754 i 2 |
t Alloy 10 ! Properties j
Beryllium Copper  Heat Treat to Optimem | 0,0098 500 o

’
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of curves for each common material and process conditic:. were then
drawn for each specimen run at various test temperatures.

(U) Figure 74 shows two such curves for furnace brazed nickel 200,
Since the thermally induced strain in a thrust chamber tube actually
occurs over a range of tei.peratures, an average temperature fatigue
curve has been estimated. The arithmetic average used was felt to be
conrervative for this case,

(U) The averase curves for each materiai, both in the annealed -..d
processed condition plotted together for comparison purposes, are
shown in figure 75, These curves are useful in comparing materials,
as well as for estimating the number of start sequences required to
cause transverse through-cracks in a thrust chamber tube.

(U) The tube simulation fatigue tests were initiated in the second
quarter. A typical formed tube and compicted tube specimen is shown
in figure 76, An instrumented tube specimen installed in the tube
~ester prior to installaticn of the pressure chamber is shown in fig-

ure 77. A spring-loaded chromel/alumel thermocouple located on the
tube crovn (center of specimen) is used for the programmed cycling
control, Other instrumentation shown includes voltage pickups and
electrically insulated thermocouples at the . nds of the heated specimen.
Sim.'»~ instrumeutation is employed on the diametrically opposed tube
crown,

(U} Several tube tester specimens were thermally cycled to failure,
These include thres 347 CRES tubes and one Hastelloy-X tube, all of
0.010-inci: wall thickness, These :.aterials were tested prior to n'ckel
and copper because of material availability, Also, the analytical model
was initially based on data obtained from J-2 thrust chamber tests and
sther sources, Most experimental data available were on stainiess
steel, C,~lic fatigue data obtained agree with the anal,tical technigus
and data used for predicting the fatigue life of AD¥ tubula: chambers.
One OFHC ccpper and two nickel 200 specimens were fabricated,
Testing of these specimens 15 scheduled for tha sext quarter,

(U} The test results of the stainless-stosl and Hastellov«X rube speci-
mens are summarized in Tablc 24, The coclant-sid. operating condi-
tions, hvdrogen flowrats, and bulk temperature (ambtient), were main-
tained constant for all tesis. Fach cycle was programmed for 27
seconds dration which consisted of a 6-second hold at elevated temper -
ature, a 5-second ramp, a 5-~second decay, and an 1l-second hoid at
ambient terperature.
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(U) One test was run at 1100F wall temperature, this being the highest
temperature at which cyclic fatigue data were available on stainless
steel, Although this steel specimen tested at 1100F incurred thermal
fatigue cracks at 270 cycles, testing war resumed to 320 cycles,
Cracks were detected by both a rise in tube external (bell jar} pressure
and by infrared TV coverage., T=ssting beyond initiation of fatigue
cracks simulated thrust chamber operation with transverse tube
cracks, Figure 75 depicts tube failures photographed after 300 cycles.

(U) Ancther stainless steel specimen was targeted for 1600F, which
is the anticipated operating gas-side tube-wall temperature for
stainless-cteel tubes in the ADP thrust chamber; the 2050F iest pro-
vides data on the reduction in cyclic fatigue life at extremely high wall
temperatures.

»
{U) Even though stainless steel will not be considered for the demon-
strator module tubes, these results are significant in providing an
experimental check on the method of prediction of cyclic fatigue life
analytically from material properties determined in the laboratory.
Additionally, these tube tester results on stainless steel are corre-
lated with actual hot-line life of stainlessg-steel tubes used on the J-2
thrust chamber, to calibrate the analysis further,

(U) The agreement of the tube tester type 347 stainless-steel test
results with the life characteristics used to pvedict the life for the ADP
chamber is reilected in Table 24. Based on these results, it is be-
lieved that the analytical model can be used with confidence in predicting
the thermal fatigue life of the candidate thrust chamber materials,

This will be verified with continuing testing of nickel and OFHC copper
specimens.

(U) To select a tube material for the demonstrator segment thrust
chamber, a criteria list was developed as an aid. The criteria were
taken from life, performance, and fabrication considerations, Each
tube material was then evaluated by these criteria, as determined
from the results of the Materials Selection Program, from previous
experience, from publiched literature, and from the results of the hot-
firing tests.

(U) A comparison of the demonstrator segment thrust chamber tube
materials, as determined by these criteria, is given in Table 25, It
was concluded that nickel 200 offered the best combination of neces -
sary features for this application, This material was therefore
selected, in combination with a process cycle which produced the best
obtainable properties.
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TABLE 25

FACTORS AFFECTING SELECTION OF 20K-SEGMENT TJUBE MATERIAL
(Based on State-of-the~Art Fabrication Technology and ADP

Operating Conditions)

Material Type 347 Nickel Nickel OFHC
~— Stainless 200 270 Copper
iy s \\\\\\‘\\\\35 Steel
Cri‘erion
Strength to Withstand Good Good Poor Good
Hydraulic Stress
Thermal Stress .
Fatigue Resistance Poor Good Poor Fair
Metallurgical Stability cellent Good Poor Poor
Ox1qat10n-hrosion Gouod Good Good Good
Resistance
System Gompuiihiiity mxcelicng e od Good Fair
Comparative Coolant .
Pressure Drop 1.0 0.85 0.75 0.95
Comparative Weight 1.0 1.05 1.05 1.20
Uprating Capebility Poor Fair Fair Good
Drawing, Tapering,
and Forming Confidence Good Excellent Excellent Good
Brazaing Confidence Excellent Good Good Poor
Availability Good Good Good Good
Total Cost Low Low Low Low
172
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(U) A simili r comparison was made of the leng-range condidate
rmateriale {(Table 26). It was seer that the beryllium copper ailoy

No. 10 rnateria. offered a larpe increase in therrnal fatigue resistance,
especially in the frlly heat-treated cordition, This is Jue to the fact
that ns plastic strain is induced in this condition., Its practical thrust
c :amber use, however, awaits the development of suitable manufactur-
ing processes.

c. Problem Areas and Solutions

No particular problem areas nave been enceunier “d on this cffort
to date,

d. Testing
(1) Test Results

Results of laboratory and simulator experimeris were discussed
in the Progress During Report Period section. There were no hot-
f.re test results,

(2) Test Facilities and Procedures

{C) Program Test Plan for 2. 5K Tube-Wall Chamber. A test plan has
been written for the 2, 5K tube-wall chambers. The primary objective
of this test program is to evaluate regenerative -cooling capability of
each tube material to chamber pressures of 1500 ps:a.

(C) A tentative test schedule for each chamber is shown in Table 27.
Al) tests will be run at a chamber mixture ratio of 5.0, because this
wpproximates the maximurmn heat fluxes. Test duration will be 5 sec-
onds to ensure steady-state instromeni readings. Hardware instru-
mentation will include heat transfer and pervformance measu ements,
Direct hot-gas, wall-teinperature measurements wilil be atteinpted
using braze alloy spots on the tu'e surface and also by using small
thermocouples brazed to the tube surface. Coolant measurements will
include flowrate and inlet and outlc. temperatures and pressures. For
performance, thrust, chainber pressure, injection flowrates, and
hydrogen injection, temperature will be measured.

(U) Tube Instrumentation., The two techniquer nv stigated to obtain
gas-side, tube-wall temperatures were: (1' ‘.staliation of micro-
miniature iermocouple., and (2) applica’: .1 of braze alloy deposits on
tube-wall surfaces, Braze alloy deposits will be selectiv. y empioyed
on the 2. 5K chambers.,
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TAUTR 24
asraraid, LT

FACTORS AFFECTING SELFCTION OF LONG-RANG! TUBE MATERIALS
(Based on Current Knowledge and ADP Operating Conditions)

0 sl SRR il e B i R s

s .I o ',
<::\\\ Material Boron Beryllium Beryllium 1 4
Deoxidized Copper Copper ..
Criterion Copper Partial Heat full Heat 3
N Treat Treat -
[of W1
l utrqutb to Withstand Tood Excellent ixcellent
Hydrualic Stress
1he?m§1 Siress Fatigue Good Excellent Unlinited
Resistance
Metallurgica. Stability Good Excellent FExcellent
o | |
0x1§at10n~Er031on Fo-r Good j ™eellent,
Resistance
System Compat:bility Fair Good Good
Comparative Coolant
«
Pressure Drop 0.95 0.95 0.95
Comparative Weight i.20 1.05 1.05
Uprating Capability {rood Mxrelieat Exceilent
Drawing, Tapering, and A
Forming Confidence Geod Unksnown Unlinown
Brazing Confidenca Posnr Poor Posr
Availability Fu: > Good Gisod
i N e
Total Cost Lov Moderat. Mideratr :
L DU
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TABLE 27

TENTATIVE TEST SCHEDULE FOR FACH CHAMBER

Mixture Mixture
Chamber ! Ratio Ratio
Test | Pressure, | (Coolant), | (Chamber),| Duration,
No. psi o/f o/f geconds
1 300 5 5 5
2 300 6 A )
3 600 5
4 600 6
5 900 5
6 900 6
7 1100 4
8 1100 5
9 1199 6
10 1300 4
11 1300 5
12 1300 6
13 1500 4
14 1530 5
15 | 500 6 Y Y
16 1500 7 5 5
175
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(U) The evaluation of braze allov remelt temperatures and their
application were completed and reported last quarter, Thesz temper-
ature indicators will be applied post-furnace brazing of t-e sssembly.
This is necessary because the furnace braze alloy melting temnperature
is higher than that of applicable temperaiure indicators. Braze ailov
dcposits will be used in accessible (divargent region) areas only,

(U) Micro-miniature thermocouple installations using high-temgerature
(1900F) braze were unsucceasful, Thia high-temperature application
was necessary because the thermocouples must be instaiied prior to
furnace brazing the tubular chamber as«embly, Tne installations re-
sulted in gas-side tube surface discont dities wi'ich were uot accept-
able for the operating conditions of the AJP thrust chamber.

e. Summary of Planned Effort for Next Rewnrt Feriod

(U) Fabrication of a 72, 5K coppsr chambe * segment and a nickel cham-
ber segment w'll be cornpletec and teeting initiated shortly thereafter,
The thrust chamber materials investigation will be directed toward the
derivation and programmiag of an extensive tube stress analysis pro-
gram. More rigorvus analytical techniques will be developed which
take into account the complets stress and strain history of a thrust
chamber tube during a typical mission cycle,
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3. THRUST CHAMBER NOZZLE DEMONSTRATION

One of the major objeztives cf the fabrication and test task of the
current program is to demonstrate performance capability of the
aerospike thrust chamber, Full-gcale, 250K thruat chambers
duplicating the combusticn and nozzle expansion features of the demon-
strator module thrust chamber are being used for performance demon-
stration, One solid-wall 250K chamber is being fabricated for the
following purposes:

i, verify injector integrity and compatibility before exposing tubs

wall chamber .

Z. Evaluate hypergolic and hot-gas ignition

3. Rate tke iniector-combustor stability by pulse gur. as wail a&
operational test

4. Provide an alternative means of evaluating combustor 7 1d
nozzle performance

5. Evaluate tapoff gases o .d demonstrate feasibility of tap>ff - -
source of turhine power on the amsrosniks cham?! sr

Two 250K tube-wall chambers are keing fahricated tu provide _
long-duration capability for performance acasurements. These cham-
bers wiil be operated with varving deg-e:s ¢f base Sleed and in a
diffuser for simulating altitude conditions.

Injector and combustor features durlica*e theee presentiy being
designed into the demo:i strator module chamber,

a. Status

(U} All forgings for the inner bodies have been received, The first
forging {to be used on the sclid-wall chamber) has heen rough machined
and tue QFHC copper surfacing his vezn completed. The tinal finish
machining for contour s progressing (ligure 78}, The welding of the
second inner body ring forgings to the conical assembly for the first
tube-wull inner body is being compisted.

(U) The outer film~cocled sclid-wall bady (figure 79) has the film
couiant ring (figure 80} vrelded in place and the weldiug of tue OFHC
copper on the suriace is in progress. The rirng forging for the first
tube-wall outer body has been received and rongh machining hus peen
completed. The propellant feed holes are now being drilled,
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(U) The pilot runs with the tube forming dies have been compieted:
The tubes for the brazing test specimen are currently being formed.
(figure 81). The flow test unit (figure 82) for calibrating the tubes has
been completed and initial checkouts accomplished with :atisfactory o
results, : :

(U) The first injector assembly h s been machined a‘nd all of the
propellant feed holes have been d .ed. Currently, the oxidizer and
fuel manifolds are being welded in place (figure 83). The second unit
has been rough machined and the propellant feed holes are being drilled.
Detail fabrication of the oxidizer and fuel manifolds is progressing.

The baffles for the first unit are at the electroform supplier for the
depositing of copper on the face of the baffle.

b. Progress During the Report Period
(1) 250K Solid-Wall Thrust Chamber

(C) The final solid-wall chamber design (figure 84 and 85) is com-
posed of two major units: the outer body of the combustion chamber
and expansion shroud, and an inner body and expansion nozzle. Radial
and axial positioring of the inner and outer body are maintained by
aiiachment o the injector. Thermal and pressure loads are trans-
mitted through shear lips on the interface at the attach bolt circle.
Thrust loads are tranrmitted through the inner chamber body, utilizing
an eight-point thrust mounting structure (figure 86). A thrust duration
of approximately 0.7 second at full thrust is made possible through the
utilization ¢f film cooling and copper-lined throat. The inner and outer
body are presently 20 percen! compieted. Both bodies have the coolant
manifolds and inlets firigsh machined ond film coolant orifice rings
welded in place. Prese::lv, the copper weld for the throat region is in
work. Upon completion of welding, the inner contour and balance of the
chamber will be finish machined.

(U) The inner and outer combustor body finalized design (figure 84 and 85)
incorporates film coolant rings located 1,5 inches above the throat,

The coolant flows through orifices in the ring which are directed toward
the converging wall of the throat, providing a buundary layer of coolant
aleng the surfaces of the throat and nozzle. To improve the life capa-
bility of the chamber further, che throat is lined with 0.75-inch thick,

high thermal conductivity copper which provides a margin of safety

during operation and also the potential of brief operation without coolant,

(U) The injector used with the solid-wall chamber assembly is identical

to that planned for the tube-wall assemblies except, since there is no
circulation of fuel in the injector crossover passages during solid -wall
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ADP Thrust Chamber Tube Calibration Conaole
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ATTACH BOL T CIRCLE SHEAR LIP

\':

FILM COOLANT INLE
(TYPICAL 8 PLACES)

FILM COOLANT RING \

g

COPPER LINING

Figure 84. 250K Solid Wall Thrust Chamber Outer
Body Assembly
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)

chamber testing, two prescurizing ports will be directed into the mani-
fold in this area to maintain an inert gas pressure greater than the
chamber across the seals between the injector and chamber bodies.

(C) The oxidizer is directed from the facility supply source through a
line into the diffuser and the plenum chamber which then distributes
the oxidizer through four tangential inlets in the manifold. Hexe, it is
fed directly to the injector passagewa;s leading to the oxidizer injection
orifices, The fuel also is directed from the facility through a supply
line, From the distribution manifold, the fuel is fed through 20 inlets
around the periphery of the injector fuel inlet manifold which feeds the
injector orifices and baffles. Naflex seals are utilized for sealing all
flanged connections in the fuel and oxidizer systems. A base closure
plate is attached at the nozzle end. The entire thrust chamber is
provided with extensive instrumentation boss attachments.

{(C) stability Testing Provisions. The instrumentation and stability
provisions for the solid-wall engine were finalized this quarter.
Stakility testing will be accomplished by pulse guns in three adjacent
compartments located 1 inch below the injector face., The pulse guns
were chosen for their ability to provide a directional burst of energy

in the region most likely to induce instability. Located on the outer
wall of the thrust chamber (figure 87), the guns are easily serviced and
insensitive to thermal detonation, allowing the chamber to be ''pulsed"
at any time during mainstage.

{U) The gun (figure 88) is designed to accept either a 300 H & & (rifle)
or a 38 special (pistol) cartridge. The shell can utilize various powder
loadings, and when utilized with furst diaphragms of 7500, 10,009, and
20,000 psig, provides varying values of over pressure.

(U) High-frequency pressure transducers provide data duriag stability
runs for evaluation of over pressure and damping characteristics. The
transducer ports (Photocén type) also may be adapted to streak phot.g-
raphy windows,

(U) During the chamber run, an electrical squib is detonated and drives
the firing pin into a standard rifle or pistol primer which ignites the
pcwder, The burst diaphragm prevents the gas charge from escaping
into the chamber until the full charge is developed.

{2) 250K Tube-Wall Ttrust Chamber

The structural and mechanical design of the 250K tube-wall :
chamber were described in the previous quarterly. During this quarter,
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Pignre 87. Chamber Locations of Pulse Gun Ports
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major design effort on this chamber was eompwnd« lnntrumemtﬁu
requirements were determined and provisions for (1) témperature
sensors, (2) static, high-frequency, and pressure piclmpt. and (3) d&er
instruments were incorporated into the design. ' .

(C) Nozzle. Continnity of the final aerodynamic sepike nozzle m
design for the inner wall beyond the end of the regeneratively cooled
section is obtained by the use of a solid-wall, uncoocled nossle extension.
The extension begins 16.00 inches downstream of the throat, terminat-
ing 37.03 inches from the throat plane. The minimun wall thicknesses
at various axial stations were defined during this quarter. Thermal
and stress analyses were based on a backwall temperature of 100F and
a hot-gas surface temperature of 2250F,

(U) The cone is fabricated of rolled and welded 3041 CRES plate with '
welded flanges at either end. Instrumentation ports for preasure taps )
are provided at various axial locations for verification of noszle pres-
sure profile. The material order was released during this report

period,

(U) Manifolding, The design and analysis of a balanced fuel distribution
system has been completed in this report period. A constant area
manifold with a maximum flow variation of less than 1.0 percent at the
rated flow conditions has been selected for the fuel inlet to the inner
wall tubes utilizing two inlets. Equal distribution from the iniets to the
manifold is achieved through the use of tees incorporating flow splitters
and directional vanes, as shown in figure 89. Fuel flow from a single i
facility interface to the fuel manifold is accomplished through the use
of a symmetrical "Y' duct assembly using spacer Naflex seals at the
manifold inlets.

(C) Finalization of the fuel circuit from the aft end of the outer wall

tube to the injector fuel manifeld tee also effected during this report
period. Fuel flow from the tubes is evenly discharged to a coilector
manifold which is incorporated in the outer wall structure (figure 90),

Fuel flow from the manifold is then carried by 20 equally spaced fuel -
transfer ducts to the injector inlet tees. That portion of the fue! which

is bypassed returns to the facility via the fuel distribution manifold

which is used for the inlet on the solid-wall, film-cooled thrust chamber,
The fuel system schematic is shown in figure 9L

(U) Base Closure. Design of the base closure and secondary flow gas
generator system for the tubular chamber inner wall a,uembly has been
compieted during this report period.
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FPigure 90, ADP 250K Thrust Chamber Tube-Wall Assembly
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(U) The centerbody is a welded assembly of 347 CRES. Its geometry
is that of an oblique cone truncated at its forward end parallel to its
base. The base closure is a prepunched flat metal sheet (a perforated
plate), welded to the centerbody cone., An omega joint, having an
external flange, encircles and is welded to the OD of the base closure,
The base closure is bolted to the nozzle at the base flange. A Viton-A
O-ring provides sealing between the centerbodv and the nozzle. The
omega joint absorbs thermal deflections between the centerbody and
nozzle. The centerbody functions as a closeout to the engine nozzle
and transmits backpressure thrust in the base region to the engine
structure.

(C) A J-2 gas generator (P/N 308360) provides secondary gas flow

to the center body. Gas generator provisions include the gas generator
valve assembly, two ble2d valves on the gas generator valve assembly,
a ""T' adapter that incorporates a hof-gas bypass port, and a boss for
GN, purge, The gas generator capability has been increased from 8
lb/sec (approximately) to 11 lb/sec (approximately) at 1200F and 800
psia P, The gas generator can be throttled to 4 lb/sec (approximately).
A lwef secondary flowrate can be achieved through use of a bypass,

(U) The gas generator bolts to the forward flange of the centerbody,
and Naflex groove seals are used to seal joints between gas generator,
bypass assembly, and the centerbody. Gas generator gas flows int~ a
tubular well inside the centerbody. The tube is welded to the center-
body at the inlet flange and extends aft to near the base of the center-
body. Crifice holes perforate the walls of the tube over most of its
length. The holes control and diffuse the gas flow into the plenum
chamber. To allow for reducing the orificing area, provision is madl "
for bolting a close-fitting concentric sleeve, of selected length, to the
end of the tubular well, A plate bolted to the centerbody base plate
provides access to the sleeve and tubular well,

{U) Release for fabrication of the base closure assembly will be
effected during the next report pericd.

{3) 250K Experimental Injector

{C) The injector design is basically a cne-piece, stainless-steel
annular welded assembly consisting of the injector body, the fuel, the
L.OX, and the hot-gas manifold system. The operation of the injector
was described in the first quarterly. During this quarter, design of
the baffles, selection of the first injector strip configuration, and
definition of the hot-gas and hypergoclic ignition systerns have been
emphasized.

e+ s n e e
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(C) Hot-Gas Ignition and Tapoff Circuit, Th: hot-gas system is an
: ~ integral part o% the injector assembly. It consists of a uniform cross
, section *oraid located inboard and forward of the innsr injector flange.
‘ i Forty transfer lines welded to the inner injector Ilange connect the
o manifold to pasaages in the injector body, support the manifold, and
provide for thermal deflection, Each passage in tae injector body,
from the transfer line to the baffle at the injector face, is lined with
insulating sleeves to reduce heat transfer into the body in areas adja-
cent to cryogenic passages. The baffles have one conr on passage -
and four ports, two per side, that open into the comr™»  sn chamber, & -
Igaition flows in from the manifold to thz combusti... waambes; hot-gas
tapoff gases flow from the combustion chamber to the manifold,

-y | g

(C) Baffles. Two OFHC electrofori—-ed baffle designs are released, E
one design with hot-gas tapoff ports and one without ports. Each design

has a 347 CRES core with an electroforme” OFHC copper jacket. The
jacket'has passages for regenerative fuel coolant flow, Twenty-nine

CRES cores have been machined and sent for electroforming. !

(U) One furnace-brazed baffle design has been released. The furnace-
brazed design consists of an OFHC copper jacket, drilled, formed,
and furnace brazed to a 347 CRES core. This design has provision

" for hot-gas ports.

(C) Injector Strips. The machined strip design (backup for ti.e coined
design) has been released. The design pattern is a basic triplet
pattern, described in a-iater section of this repoxt.

trmen o 7

{C) Ignition Systems. For tie solid-wal!l chamber, provision is made
for both’hypergolic (chlorine-trifluoride) and hot-gas ignition (fuel-
rich gases). The hot-gas ignition is being evaluated in an in-housc
program. The resvlts of this program show that satisfactory ignition
can b€ achieved with nominal mixutre ratio of 1:1 hot gases if the
thrust chamber mixture ratio is above the theoretical limit of 1:1. The
hypergolic system is described in detail here,
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i (C) A study was made of existing C{¥F, systems, and an analysis was
. ‘T made of four manifold designs. The désign selected (see First

, (-arterly Prougress Report), with some modification, was found to best
; suit the engine frcm a volume and ignition delay standpoint.

(C) Each of the 30 combustion compartments contains one igniter
tube, The tube, which passes through the fuel manifoid and terminates
at a reressed positicn 0,125 inch behind the face of the fuel strip, is
formed on the outlet end and indexed such that the C£F3 forms a fan

. which sprays parallel to tlie chamber walis. This fan direction pre-

{ vents the C{F3 from impinging on the walls of the chamber {figure 92).
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(C) The manifold corsists of five major welded components., 2 iypical L
quadrant (figure 93) consists of {{) & welded zs2embly containing ten : e
feed tubes, two uecondary plenume, and a splitter tube, and (2j a2 o

transfer tube which is part of a second welded assembly, connatmg PR D
of four transfer tubes, one pnmary olenur, and a supply tube, o S

{U) The CiF; ayztem is prassurized by GOX tapped off fmm*‘lhe' nigh- - - -
pressure LCX system., ¥cllowing expulsion of the CQ¥F3, the manifold
continues to flow LOX, pruvlding a purge condztmn, sustained ;gnim:m, ’

and cooling for the tube at the irjector face.

(C) Tapoff Manifold. The hot~gas tapoff manifold assembly consists Ll
of a toroidal collector ring of ccpstant area cross settion, one L
outlet riser to facility ducting, a separate iniercomnect tube for '
each of the 40 combustion chambar compartments, and ANE
bosses for temperature and pressure taps. All material is 347 CRES
except the flanged outlet to facility ducting. The flange is = Graylogk
weld-neck flange {316 CRESL s

{U)} Interconnect tubes are welded to the tapoff norts on ithe I of the
injector flanges. Flow into and cut of the manifeld ir ap IV degreeq &
the flow in the colliector ring. :

(C) Oxidizer Manifold Studise. The oxidizer m&mx;ﬁd “Yf*.ﬁ‘i}?ﬂ?d
effort for ine ADF thrust chamber is being carvied e t and z‘f:p-areec
under NASA Contract NAS8-20349. The manifold svaluation is ideatizal
to the LOX manifold being fabricated for the 230K in ector, The unit

is shown in {igure 94 undergoing fuli-fiow tests.

(U} 250K Thrust Structure, The design of the 250K thrust mount
asasembly has been finalized and the stress analysis comploted
{figure 86) in this report period.

{U} The final design consists of eight erually spaced struts radiating

out and aft from a center gimbai mounting plate [designed to accepta
standard J-2 gimbal bearing) to vertical gussets which attach ¢ mowd-
ing brackets via pinned clevis icints., The mounting brackets contain

a close tolerance shear tang which mates with a groove on the ineide
diameter of the inner wall cf the thrust chambey. The brackets are
attached to the chamber wall with boitas.

(U) Additional struts, two from alternate vertica! gussets, connect

at a point above the intermediate guss2t to provide stabilizer attach
points at a keight above the thrust chamber to mest faciuly requirements.
Extension of the vertical gussets at the gimbal mounting plate provide
attach points for primary load cell calibration.

CONFIBENTIAL
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{(U) The assembly will be a weldad fabricatidn of 4340 steel plate and
4135 steel tubing heat treated to the required strength level.

c. Problem Areas and Solutions - -Manufacturing

(U) During this report period, three manufacturing problems were
satisfactorily resolved. The boring of the horizoutal feed holes in the
injector assemblies was accomplished by adapting the Quackenbush
drilling units by building jiga to mount the units to the injector body
itself,

Problems encountered in forming of the tube assemblies were resolved
by adapting the tube forming dies to another press and applying 30,000
psi during the forming operation.

The successful broaching of a test specimen during the reporting
period demonstrated that the proposed method k:.d resolved the problem
of forming the grooves in the injector body, assembly,

d. Testing
(i} Test Facilities

(U) Facility Feed System Dynamics. A mathematical model including
oxidizer facility feedlines, thrust chamber feed svstems, and combust-
ion chamber dynamics was formulated for the analysis of chug mc:es
of instability should they occur on 250K testing., Since the gaseous
hydrogen has negligible dynamics in the range of frequencies where
chug might occur, the facility fuel feed system was excluded from
consideration.

(U) The complete chug model was developed in three steps: (1) the
oxidizer facility lines were modeled and resonant frequencies deter-
mined, (2) the thrust chamber oxidizer manifold, feed legs, and injec-
tion passages were added to obtain the total oxidizer feed system
response, and (3) the combustion process was added together with a
hydrogen flow description through the injector, A block diagram
r~presentation of the total chug model is shown in figure 95.

(U) The facility oxidizer feed system at NFL-D2 consists of 48 inches

of 8-inch-diameter line, 47" ‘nches of 6-inch-diameter line and two
facility Annin valves.
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used to describe fuel injector flowrate,

(U) The dynamic behavios of the facility line was determined usin
digital computer freque.cy response routine when pressure pextur &-
tion was introc’uced at the downstream end of the line. The pressure
and flowrate raiios along the line to the input pmurbwtiom. presenied
in terms of both magnitude and phase as fanctions of freqncmey. art
indicative of the line dynamics.

(U} A nominal oxidizer flowrate of 475 1b/sec, corresponding to & thrust
level of 250K, was first evaluated. Both pressures and ﬁawr&tu

within the facility line exhibited resonances at 40, 80, 120, and 750 cps
with the highest peak gain at 80 cps.

{U) The c..idizer facility line description was then modified to include
the assumed length of line necessary to coanect 2 existing facility
feed system to the thrust chamber oxidizer inlet flapge. Each flowrate
condition was re-run witkout any aticrdant change in resonant frequency
or gain magnitudes.

(17) The oxidizer feed system des. ription was axtended tc include the
thrust chamber assembly. The plenum: and diffuser mections were
treated as a single volume and represented by a lumped description of
the comvoliance. The four fsed Jegs ware assumed to act as parallel
flow paths and, as such, were represented by a single, one-dimensional
wave equation for a line of the eguivalent cross-sectional area and
length. A lumpad compliance description of the torus manifold also
was -mployed An equivalent - ‘work representative of the injector
resuited in lumped values of inertance and resstance for the feed
passages,

{U} The describing equations for the thrust chamber LOX feed svstem
were ccupled to the previously derived fa~ility line representation.
Again, the digital {requency response routine was used to determnine
the dynamic behavior of the total oxidizer system. In this instance,
the input perturbation was introduced n chamber pressure. Ai the
nominal 250K LOX flowrate, resonant peaks in torus manifold pressure

_were observed at 160 and 360 cps. Facility line pressuras also

raflected a peuk at 240 cps. Significantly, pressare response upstream
of the four legs indicated that freguencies above 500 cps were not
transmitted and the feedline was essentially dscoupled from ihe cham.er
at high frequencies,

-{U} Completion of an ADRP thrust chamber "chug medel requiced the

addition of the hydrogr . injector dynamics and the cl.ambar gas-ride
dynamics to the LOX feed system des< viption, Again, bzcause of the
presence of gassous hydrogen prior to injection into the chamber, fuel
injection pressure waa assumed to be constant. A linear aquation was
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(U) The combustion process wai analytically represented by time-
delzyed injector flowrates, The time conrtants for the delays were
determined by ccnsidering the flight time~to-impingement at injection

~ velocities plus & time interval for gas generstion to occur, The tatal

delay represenied approximately the time required for each propellant =
stream to tvavel twice the impingement distance il i3jertion velocity. ™ -0 -

A

(U} Fuel and combustion dynamics were then couxled to the description-
of the oxidizer feed system to compute the "chug" model. The block .
diagra.n of the chug model is illustrated in figure 95. A chamber ‘
pressure perturbatio. was introduced again and the digital frequency
respouse routine emplcved to determine ¢ ,namic behavior. For the
case of the computed model, howaver, the fréguency response provides
more information than merely to identify resonances within the model
components, By considering the model open loop {i.e., not permitting
chamber pressure to feed back to the feed system), the Boda stability
criterion may be employed to determine if chug will be encountered,
Stated briefly, the Bnde criterion requires that for a sinusoidal input,
the open loop gain, ZAAP,, must be less than unity at the peint of 180
degree phase shift for the system to be stable. E

{U) The two ADP performance extremes (50K and 250K) were evaluated
using the chug model. At 250K, the Z/AF, phasge raic never reaches
180 degree shift sithough gain is greater than unity at severza! frequen-
cies. The thrust chamber should, therefore, not experience = chug
mod: at 250K thrust,

(U) For the 50K performance level, 180 degree phase shift does occur
at 240 to 250 cps, indicating that at the lower thrust leval a chug mode
1nay be experienced and faciliiy decoupling yrovisions may be necessary.
The desveloped model alsc wilt he of vse to the selection of any
necessary facility revisions,

(U) Inatrumentation Box Ideuntification System. A system to identify
all instrumentation taps on the 250K chamber has heen deviseu so that
the taps are fully described Ly the tap number. No cross reference

is necessary o defermine tap location, “luid madia, or tap type. The
system is described in Appendix D). The tital chamber instrumentation
pruvisions are listed in Table 28,

205

CONFIGENTIAL




¥

3

1

¥

£

g
ot
i/
T

S

e. Summary of Planned Eifort for Next Report Period

(U) During the next reporting period, the electroformed baffles for the
first two injectors will be received from the electroforming source.
Only one set (40 each) will have hot gas tapoff ports. The copper
injector strips will be machined and the orifice holes drilled to support
brazing of injector units No. 1 and No, 2.

(U) The first injector is sc""'"led far completion (throngh calibration)
11 November 1966. This unit witli be assembled with the innar and
outer solid-wall bodies thrust mount, base closure, and asaociated
manifolding and ducting, and the total assembly will b2 ready for
delivery to the test facility on 18 November 1966,

T.3LE 28
250K CHAMBER INSTRUMENTATION PLOVISIONS

Tap Location Number of Taps i

Common (SWTC and TWTC) | Static Pressure | Dynamic Temperaturﬁi

Injector-Chamber Pressure 6

Fuel Injection Manifold 5 _ 5 4

LOX Manifold ‘ 12 | 10 7

LOX Line 4 5 3

Hot-Gas Tapcff 1 8

ASI 4 Z
SOLID WALL CHAMBER

Combustion Chamber 7 7 4

Nozzle Profile 19 5

Bage Closure 5 3

Fuel Inlet Manifold 2
TUBE-WALL CHAMBER

Fuel Inlet Manifold 7 3 2

Fel Up-tube Manifoid
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TABLE 28
250K CHAMBER INSTRUMENTATION PROVISIONS (Concluded)

Tap Location Number of Taps

tatic Pressure| Dynamic | Temperature

TUBE-WALL CHAMIER
{cont)

Fuel Down-tube Inlet Manifold
Fuel Nown-tube Outlet Manifold
Fuel Transfer Tubes

SV S

Centur Bodv Plenum

Uncooled Nozzle Extension

B b O b A

iGas Generator 1

(U) The forming and calibration of the tubes for the inner and outer
tube wall body assemblies of Unit No, 1 will b~ completed. These
tubes will be stacked into the bodies and the trazing of the units will be
in process.

(U} A cornplete testing program pian for the solid-wall chamber will be
prepared early in the next gquarter, This plan will include test by test
description objectives, instrumentat’ . requirements. and starting and
=hutdown pracedures.,
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4. SEGMENT STRUCTURAL EVALUATION

(U) The 20K segment chamber is being designed, rnanufactured, and
tested t. provide advanced structural and fabrication data for a light-
weight lemonstrator module chamber design, Complete structural
simulation of a 360-degree annular combustion chamber cannot be
obtained with a model chamber segment. The ability of the structure to
maintain throat dimensions throughout the operating range and with
repeated firings will be simulated very closely. Also, construction of
the demonstrator module structural members and regencerative cooling
of all structural parts will be closely simulated. The effects of dif-
ferences between the 20K segmert and demonstrator module will be
analytically determined and used to interpret the test results,

a, Status

(U) The design requirement specification for the 20K demonstrator
module chamber segment was completed and issued.

(U) Salient design features presently established for the 20K demon-
strator module chamber segment are:

1. A straight cha.nber length including three combustion zone
compartments, the center ¢ mpartment duplicating a vom-
partment of the demunstrator moaule chamber

2. Internal tie bolts housed witl.in the combustion zone baffies

3. A symmetrical combustion chamber, -onvergent nozzle, throat
and expansion nozzle with a divergent half-angle of 15 degrees

10 an area rati~ of 3.5

4. A machined titanium backup structure adhesively bonded to the
regenerati ~2ly cooled tube bundle

5. Temperature, structural, and high-frequency pressure
insfrumentation

(U) The design of the 20K demonstratcr module segment hias pro-
gressed to the final layout stage ‘or both the injactor and chamber
assembly

b, Progress Durine the Report Period

(C) Design analyses involving structural conren:, material, coolant
circuitry ar . fabrication technique for a lightweight demunstrator
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module ckamber (see Demonstrator Module section) has precipitated
several major design criteria for the 20K segment chamber. The
structure is componed of machired titanium adhesively bonded to the
regeneratively cooled tube bundle. '

(U) An internal structural confionrztion utilizing equally spaced
siructural baifles, each contair. g ‘wc koics, will carry loads across
the chamber.

(C) Nickel 200 was selascted as ‘he materizl for the regeneratively
cooled chamber tubes because of its "'life' properties at the predicted
hot-firing conditions, Tocling for the fabricatior of the 20X segment
tubes will be coramon with that used on the 2,5K segment pregram,

A series ciriuit similar to that of the-demonstrator module was
selected to cool the "inner' body, structural baffle, and "'outer' body,
respectively. '

¢. Probleni Areas and Soiutions

(U) The initial results of a demonstratcr module chamber design study
involving the two prime internal structural arrangements, i,e., a
single row of 80 support struts and 40 peparate combustion haffles vs
40 structural baffles each containing 2 bolts, indicated the 80-strut
concept to be apprecicbly lighter than the 40~structural baffle concept.
Based on this input, the 20K demonstrator module segment chamber
design was initiated. Subsequent refinement of this configurativn
eliminated the apparent weight advantage of the 80~strut configuration.
A reappraisal of the two stiructural configurations resulted in the 20K
desiga being changed to the concept of baffles with internal bolts, This
has resulted in a schedule slippage; however, the orders for long lead
items have been placed and thi- tcsk can be broughi back ¢n schedule
by an accelerated design efforr,

d. Summary of Planred Eifort for Next Report Period

{U)} Effort during the next report period wiil be directed toward the
following goals:
1. Release of the tube design for fabrication

2. Completion of the final chamnber 'ayouat preparatory to a
critical dasign review

3. Detailing and release of all long-lead chamber bedy com-
ponents for fabrication

4, Completion of injector assembly layout and release cf the
body for fabrication ‘

5. Release of a preliminary hot-firing test requirements memo
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(C) CONCLUSION& AND RECOMMENDAT!ONS

Experience of over 100 tasts has ihovm that tl'w 2.5K solid-
wall, cooled segment provides an effective and low-cost means
of evaluating aerospike thrust chamber injsctore.

2.5K segment test resuits have shown that the triplet injector
pattern selected for the 250K injector is stable over the
operating range throttled to 20 percent rated thrust and 5 to
7:1 mixture ratio. These tests showed further that injector
durability and chamber wall heat transfer a.e satisfactory
for 250K experimental tests,

Performance testing of the triplet injector pattern in the 2,5K
segment has shown that this injector delivers a combustion
(c*) efficiency greater than that necessary to meet the overall
specific impulse requirements for the engine over the
operating range,

From analytical studies, laboratory materials fatigue tests,
brazing tests, tube tester simulation tests, and general hot-
fire experience, it is concluded that Nickel 200 is superior

to stainless steel and pure (OFHC) copper as an ADP demon-
strator module thrust chamber tube material. However,
beryllium-copper shows great long-range promise as a
superior material to nickel when available in tube form.
Hot-firing evaluation in the exact ADP aerospike configuration
is needed to confirm this and provide information on limits,
Stainless steel will not meet the life requirements of the ADP,

From dynamic and static models and design studies, it is
conciuded that throttling and mixture control of the aerospike
engine can best be accomplished by two hot-gas throttle valves
in the turbine supply. Simplicity and reliability, dynau.ic
response, static balance eifects on the system and other
components, performance, and weight were heavy considera-
tions in this conclusion. Tie aerospike engine will operate
satisfuctorily ws a demonstrator engine with either open loop
or closed loop modes of control to these valves.

A design study was made of tht e fuelltv."irbc'pufnp a .age-

ments to meet the ADP aercrpike tiow and he.ud reguiremeats,
The conclusion is that a two-stage centrifugal pump b st
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meets requirements for a dem mstmtor ensine. with the
Phase II demonstration ‘o be sonducted in mid 1969,

Development cost and performance margii were tfmox:mt

faciora in reaching this conclusion.

From design study of lightweight thrust c.ham%er ﬂructuru,

it was concluded that & machined titanium backup etructure
adhesively bonded to the brazed cooling jacket-rnanifoid
assembly is the best design for the demonstrator medule:
thrust chamber with the Phase Il demonatration to be con-

ducted in mid 1969, The major tradeoff in this selection
was between (1) weight and (2) development costs, schedule,
and confidence,
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(U) Thrust chamber pciormme ﬁeimy ic eaﬁ&tﬂ
theoretical thermodynamic s
theoretical performance iz calculatod whjoc& t0 seven i

1. Thermodynamic equilibrium is reached in the conﬂmaﬁm
chamber aftsr adiabatic reaction,

€~

2. Expansion through the nozzle is isentropic.

3. Products of combustion behave as ideal gases,

4. The expansion process involves the one-dimenesional flow of
inviscid gases,

i

- 5. Gas velocity at the nozzle entrance is zero.

6. Propellants are chemically pure.

7. Initial temperature for the oxidizer is the boiling point at
1 atmosphere pressure and for the fuel is room temperature
(70 F).

(U) Since the real thrust chamber does not operate under such
idealized conditions, the real thrust chamber data cannot be directly
compared with theoretical thermodynamic performance. Therefore,
it foilows that either the test data must be adjusted to the same
reference base as the theoretical values or the theoretical calculations
must be made so that the effect of finite contraction ratio, friction,
heat transfer, nozzle throat are: change duc.to thermal effects,
nozzle divergence, and deviation from one-dimensional flow are
properly taken into account, The former procedure is used in the
reduction of ADP thrust chamber test da.a.

S 2

STAGNATION PRESSURE LOSS -
(U) Measured static pressure is adjusted for stagnation pressure i. s

by applicatiou of a function dependent on contraction ratio, specific
heat ratio, and nozzle entrance Mach number, s
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(U) .& botmény- Ayer mly;is is: uuc to obtaia the tkim trictiea
coefficient from which the Itictiensl dtl;fwca is en < -The .
integral momentum Ayer og s in cm@m‘:w vmh s
Rocketdyne akin frictisn coruhtion( Lef, l). was used to svaluste .
the frictionsl drsg, : Thc friction influence cofﬁcicnﬁ h gim br o

'n,==r¢ss M. U, w b % Ty) i2)
nT-IDISS {3)

(U) The dependence of N on chamber pressure and mixture ratio is
shown in figure A-l.

HEAT TRANSFER

(U) In a water-cooled thrust chamber, the heat transferred to the
coolant water is lost and not available for conversion to directed
velocity., This heat loss results in a reduction of combustion gas :
temperature and, consequently, the delivered performance is less than
the ideal thermodynamic performance., The influence of hea: loss on
performance was calculated by using a modifizd theoretical thermo-
~dynamic propellant performance program that accounts for heat
transfer in the energy balance. A heat flux profile typical of the
experimentally determined heat flux profile was employed, The
performance calculations with heat loss are made incrementally so
tha: the effect of spatially distributed heat trausfer on the flow field
propesties is calculated and, thereby, the effect of heat loss on
performance is calculated. These heat loss influence coefficients are:

H, L.,(c*) =F(Q/A, W, T, T, H H) (&
HH. L. (c*) = 1,0078 )
and
1"H. L. (F) =F /A, w, Tc' Te’ Hc' He) ()
ﬁH. L. (F) =1.0095 )
216
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ol Frictional Drag on Thrust

1.01¢
& lwoel _
P = 3306 PSIA
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w 1017
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5 1.014 3
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g P = 1500 PSIA
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MIXTURE RATIO
Figure A-1. Influence Coefficient to Account for Effect
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(W) The variation of (c*) and g 1, (F) with respect to ch;mbar
pressure and mixture ratio is shown in figire A-2 and A-3,

'NOZZLE THROAT AREA CHANGE

(U) Nozzle throat area during a tes: is different from the nozzle throat
area before or after a test. During a test, there ar¢ pressure loads
ac Ling c. the internal nozzle surface upon which thermal effects due tc
the increased wall temperature (as the result of heat flux) are
superimposed, In the 2,5K ADP water-cooled thrust chamber, the
hardware is sufficiently massive so that the effect of internal pressure
loads is negligibly simall compared to the thermal effects. Due to the
heat flux, the nozzle throat area is less than in the cool pretest
condition, The influence cocfficient for nozzle throat area change due
to thermal effects is:

Ny B = F (vp, Ver & 0, E, tpog (8)

ﬁ"TH(At) = 0.9830 , (9

(U) The valuc given in Eq. 9 is based un past experience and will be
replaced as soon as the analysis of thermal effects on throat area is .
completed,

NO7ZLE DIVERGENCE

(U) Nozzle divcergences losses were evaluated by comparing two-
dimensional axisyminetric thrust coefficient with the ideal one-
dir.ensional nozzie thrust coefficient, The two-dimensional nozzle
thrust coefficient was computed by a m :thod of characteristics
inaiysis which utilizes variable flow field progp arties and .he internai
¢ .ntour of the nozzle used on the thrust chamber. It is clear that

ACF = CF (1-b) - CF {2-D) (10) '
and ;
ACF = AF (11
so that
ﬁ.DIV = 1,0110 (12)
218
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Figure A-2. Influence Coefficient for Variation in Characteristic

Velocity

due to Heat loss
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Figure A-3, Influence Coefficient for Variation in Specific
Impulse Due to Heat Loss
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(U} Nozzle divergence loss dependence on chamber pressure and
mixture ratic is shown ir figere A-4,

NON ONE-DIMEZNSIONAL FLOW

(U) 1n the linearized theor  of transonic {iow, the mass flow crossing
the throat szction is always found to be less than tiz critica} flow
corresponding to one~dimensional conditions, The rat‘o cf the iwo-
dimensional mass fiow to the one-dimensional mass {low ig the nozzle
discharge ¢ ~fticient. The nozzle dischsrge influence coefficient is:

nep = F (k R, K) (13)

iep T 0.997

{U) These influence veflicients and the resultant average valae for the
influence coefficient are sumrnarized in Table A-1,

TABLE A-1

INFLUENCE COEFFICIENT SUMMARY

PHYSICAL EFFEF T INFLUENCE ON EXPERIMAENTAIL
Characteristic Specific
Velocity Impuise
Heat Los- 1.,0078 1.0095
I' -iction 1.0135
Nozrle Divergence 1.0110
Novzle Discharge Coefficient 0.9970
Throat Shrivkage 0.9820™
Stavnation Pressure Los 0.9953
Resultant Value G.9¢31 1.0344

Troentatve Value
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APPENDIX

HEAT TRANSFER DATA REDUC TIOU FOR
WATER-COOLED SEGMENT'

{U) The heat transfer data output includes the wite~ flowraie anc
overall bulk temperature rise for each trausverse water roclant
passage. The water flowrates are measured with a turbine flowmeter’
and the bulk temperature risec are obtained witn ~1romcul-alurma?
thermnpiles installed to measure the inlet and ouilet temper:tute
difference directly.

(U) The ..at transfer rate into each water passage is given iu terms
of the water flowrate, the water specific hsat \C =1 Bm/lbm F), a+d
the water bulk temperature rise by:

q=wC, ATy . (B-1)

{U) The average chamber heat flux in the region of the coolant passage
is obtained by associating a one-dimensional gas-gcide heat transfer
area with each passage and dividing the heat transfer rate into the
passage by the appropriate area:

r'n_c ATy

q/A = (B-2)

(U) An average gas-side heat transfer coefficient is obtained for cach
passage using the relaticn:

h = /A (B-3)

g X
(Taw - TWC) - E q/A

:U) The coolant side wall 'emp-raturc i: taken to be 30 F above the
saturation temperature of iiec cc~ant, The use of this value assumes
the coolaat side to be in the nucleate boilinrg regime, The water
velocities utilized with this chumber are sometimes high enough,
particularly for the low chamber pressure runs, to suppress nucleate
boiling. in this cise, the assumed cecolant side wall temperature will
be in error, This simpluy.;ng, assumption can result in vp to 7
percent error in the calculated gas-side film coefficient in the low
heat flux regions of the chamber,
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(U) The actual combustion temperature is obtained from the ideal
combustion temperature corresponding to 100 percent combustion
N efficiency by: :

R

.
T =T . *

C ¢ ideal 11C (B-4)

4
3
AN (U) The adiabatic wall temperature used in Eq. 3 is obtained from the
E‘ o actual combustion temperature by the relation:
P S ERY PRL%-}-MOOZ

. Taw = TC m 5 (B-5)

‘ | L+ Yo My,
{U) The differcnce between T, and T, is negligible in the combustor ‘ |

where the Mach number is low, and reaches a maximum of about 2
percent near the nozzle exit.

(U} Although the coolant passage geometry is highly two~-dimensional,
a one-dimensional relation (Eq, 3) will yield correct heat transfer
coefficients if the proper value of the wall thickness or "reach" x is
used. In reducing these data, the arithmetic average between the
maximum and minimum ''reaches' for each passage is used in Eq. 3
It iz estimated that this introduces up to 3 percent error in the cal-
culated gas-side film coe*ficient.

e g

(U) During short-duration tests (3 to 5 seconds), the high heat sink
capacity of the copper block in the region behind the coolant passages
prevenis the chamber from entirely reaching steady-state operation,
As a result, a slight amount of heat leaks past the coolant passage
into the copper backup structurc, The amount of ieakage depends on
the coolant passage spacing and the local heat flux, For the small
spacings and high heat transfer rates of the ADP segment, a two-
dimensional analysis of the amount of heat leakage should be less than
I percent in the throat region and less than 3 percent in the lower heat
flux regions of the combusticn zone.

Local average Stanton numbers:

&, (-6)

N. ... =
5T Po Yoo

and both length and hvdraulic diameter Reynolds numbers are computed
to provide further correlation of the data. Frouen expansion gas
product specific heat and viscostiy values corresponding to ideal

224

CONFIDENTIAL




S Lo A St 5y iR R PR B R ML St g AT AN SN NG b e Ry s R

CONFIDENTIAL

chamber conditions are used. A 3 percent change in the characteristic
velocity efficiency results in only a 1 percent change in the combustion
product specific heat.

In addition, the heat transfer data correlating parameter

. \2/3
Ngr X (NPR) (B-7)

is computed. Through the modified Reynold' & analogy

2/3 _ /
Ngp X (Npg)™~ = cF/z (B-8)

for flow over a flat plate, this parameter is equal to the local skin
friction coefficient divided by two and, hence, provides a direct
indication of local boundary-layer development,
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APPENDIX C
HOT GAS TAPOFF CALCULATIONS

(U) Since th. pressure ratio across the gas tapoff orifice was clways
greater than two, flow through the orifice was sonic and .ne flowrate
could be determined by use of the following expression:

kit D/t - 1)

k(k—q.—l) gEM
Ww=ChPA =T (V)

where = flowrate

w
CD = discharge coefficiernt (1.0)
P

pressurs upstreli. .. orifice

orifice a..a

[
v
n

= gpecific heat ratic

= molec . iiar weight

k
M
K = universal gas constant
T = temperature

Yo

= gas tapoff oxidizcr flowrate
W, = gas tapoff fuel flowrate
w = total gas tapoff flowrate

MR = gas tapoff mixture ratio

(U) For a fuei-rich gas, the adiabatic combustion temperature 15 a
unique fu..ction of the mixture ratio. The .elationship between com-
bustion temperatur~ and mixture ratio foc- the oxygen-hydroge.. svetem
is presented in figute C-1, No difficult 1s exy i~ u=d in using these
data over a wide rarge of tapofi piescures becau , at low mixt.are
ratios, combustion terperaiure is wcarly indepewn.’: : of the system
pressure, Specific neat ratio was taken from figu: C-1, and averace
molecular weight wr then obtained from figure C-., ‘or the mixture
ratio determinad from figure C-!, using the measured tapoff tempera-
ture. These values werc used ir Eq. 1 to calculate tot«l tapoff
flowrate, This flowrate was decomposed into oxidizer und &l

flow: ate by use of the expressions:
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2000

1500
1.40

1000
—1 1.35
600 1.32

0.5 1.0 1.5
MIXTURE RATIO

Figure C-1. Combuation Temperature for LOX/IH_ at a
Chamber Pressure of 600 psia
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Figure C-2, Combustion Products Mole~ular Veight Cor LOX "IJ{_,
at a Preasure of 000 psia
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MR (2)

and

W= W o- W (3)
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APPENDIX D

INSTRUMENTATION BOX IDENTIFICATION SYSTEM

(U) A system io identify all instrumentation taps on the 250K chamber
has been devised so the. the taps are fully described by the rap
number., No cross reference ic necessary to determine tap location,
fluid media, or tap type.

(U) The aerospike chamber is divided into zones for instruinentation
identification purposes. The zones are numbered starting at the inlet
and progressing along the flow path of the particular media (figure D-1).

(U) Angular location is definc ... degrees clockwise of an index point
looking from forward to aft along the axial center linc of the chamber,
The reference point for all 250K aerospike chambers is defined as the

12:00 o' clock position of the chamber when installed on test stand D-2
at NFL.

(U) The tap identification system is illustrated with the following
example:

E

@I ve I
5!

C

G
C G 3 14 -136.5 P -3.3
wher >

A, Major Component

C = thrust chamber
L= was gerorator
i. = hne

Lo poniter

B, Flud Meoedia

O - oxidizer
o tael
o= combustion gas
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Figure D-1. ADP Solid-Wail and Tubular Thrust Chamber
Boss Nomenclature
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inert gas

tapoff gas

N
T
1 igniter fluid
Z

other

C. Chamber Zone

D, Minor Component (used only where additional clarirication is
required)

inner body

i

o outer body

d

dome
E. Angular Locetion in Degrees from Reference Point

F., Type of Boss

T
It

static pressure

T = temperature

D = dynamic pressure

A = accelerometer

B = bomb boss or pulse gun

S = seal vent

C = solid-state flowmeter or pressure

- = purge (no letter designation)

G. Axial Distance referenced from Injector Face or Radial
Distance referenced from Chamber Centerline (whichever
is applicable)

Tap identifications are called out on all chamber drawings and
are stamped or etched at each location,
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